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Abstract 
In this work, natural and synthetic sorbents were investigated for the extraction 
and removal of different organic compounds (nitroaromatic compounds and 
polycyclic aromatic hydrocarbons) from aqueous samples. 
Natural sorbents like the raw Moringa oleifera seed powder and the physically 
modified biochared powder were investigated for their potential in the extraction 
of nitrobenzene (NB) (paper I). For the raw and biochared Moringa oleifera seed 
powder, the carbon content as determined by energy dispersive X-ray 
spectroscopy (EDS) was 80% and 70%, respectively. Though the surface area of 
the biochared was double that of the raw (12.6 m
2
 g
-1 
and 6.3 m
2
 g
-1
, respectively), 
the uptake of nitrobenzene by the later was higher in all optimizations and 
applications investigated. This implied that the interaction type between the 
Moringa oleifera seed powder and nitrobenzene was more chemisorption than 
physiosorption. The presence and absence of the proteneous compounds (bearers 
of the functional groups) infuenced the performance of the Moringa oleifera seed 
powder as a sorbent. For the raw and biochared Moringa oleifera seed powder 
sorbent, the kinetic data was best modelled by the pseudo-second-order and the 
adsorption capacities were found to be 0.084 and 0.071 mg g
-1
, respectively. As 
determination by HPLC-UV method, the LOD and LOQ for NB were found to be 
11.5 and 38.5 µg L
-1
, respectively. 
In paper II, 2,4-dinitrotoluene was used as an imprint in the synthesis of 
magnetic molecularly imprinted polymers (MMIPs). These synthetic sorbents 
were used for the extraction of nitroaromatic compounds (2,4-dinitrotoluene, 2-
nitotoluene and nitrobenzene). In all the optimization parameters investigated, the 
MMIP had a great extraction of 2,4-dinitrotoluene showing the effect of 
imprinting. For 2,4-dinitrotoluene, nitrobenzene and 2-nitrotoluene HPLC-UV 
analysis, detection limits of 13.6, 7.7 and 27.2 µg L
-1
, respectively and good 
correlations of determination (R
2
 > 0.993) of all the analytes were obtained. 
Recoveries of 82.7%, 88.1% and 82.0% were obtained for 2,4-dinitrotoluene, 
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nitrobenzene and 2-nitrotoluene from spiked real water samples, respectively, 
with %RSD  values ranging from 1.4%-11.9%. 
In paper III, another synthetic sorbent, β-cyclodextrin covalently functionalized 
to carbon nanofibers (β-CD@CNFs) was prepared and fully characterized. This 
material was loaded in solid phase extraction catridges, which were then applied 
for the extraction and pre-concentration of six nitroaromatic compounds. High 
correlations of determination (R
2
 > 0.997) for 3-nitrotoluene (3-NT), 1,3-
dinitrobenzene (1,3-DNB), 2,6-dinitrotoluene (2,6-DNT), 4-nitrotoluene (4-NT), 
nitrobenzene (NB) and 2-nitrotoluene (2-NT) were obtained. Low limits of 
detection of 3.3, 7.1, 8.6, 9.7, 23.1 and 13.0 µg L
-1
 were found for the respective 
compounds. The applicability of the developed method using β-CD@CNF as a 
sorbent was investigated using spiked real water samples collected within the 
vicinity of an operational gold mine and recoveries of 36.6%-102.2% were 
obtained.  
Paper IV dealt with a novel combination of molecularly imprinted polymers 
(MIPs) dispersed in an organic solvent in membrane assisted solvent extraction 
(MASE) bags for the extraction of polycyclic aromatic hydrocarbons (PAHs) 
from sewage wastewater samples from Goudkoppies wastewater treatment plant 
in Johannesburg, South Africa. Before application to real wastewater, 
optimization was carried out and toloune was found to be the best acceptor phase, 
and 80 mg of the MIPs gave optimum extraction of PAHs. 25% N,N-
dimethylformamide in aqueous solution as an organic modifier was found to be 
the best donor composition. An extraction time of 90 min at a stirring rate of 1000 
rpm gave the optimum pre-concentration of the PAHs. The optimized parameters 
where then applied to the sewage wastewater were the effluent was found to be 
cleaner than the influent.  
In paper V, nano-sized fibers were synthesized by electrospinning 
polyacrylonitrile (PAN). Due to the combination of functional groups along the 
fiber and the increased surface area due to nano-sizing, there was a great 
extraction of four nitrotoluenes. The approach was loading a small amount of the 
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electrospun polyacrylonitrile nano-fibres in pipette tips in a miniaturized pipette 
tip solid phase extraction (SPE). The linear dynamic range was 150 - 1000 µg L
-1
 
with coefficients of determination of R
2
 > 0.99 for all the nitroaromatic 
compounds. Optimum recoveries were recorded at pH 6, 15 mg of the PAN 
sorbent. Twenty aspirating/dispensing cycles (at the loadind stage) and 1 mL 
acetonitrile gave maximum recoveries. Application of the PAN-PT-SPE to real 
wastewater samples gave recoveries ranging from 70% to 115%. The low values 
of the relative standard deviations (RSD < 12%) meant the method was suitable 
for application to real wastewater samples. 
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Chapter 1 
1 Introduction and background 
This chapter gives the background to the study. The problem statement which 
gives motivation as to why the research was carried out is also given. It concludes 
by giving the outline on how the work is presented in this thesis.  
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1.1 Background of the study 
Continuous contamination of water bodies from both natural and anthropogenic 
sources is of great concern to everybody. Since the industrial activities have 
intensified, environmental pollution and deterioration of ecosystems is on the rise 
due to the presence of contaminants in effluents (Lenardão et al., 2003). Many of 
these pollutants are known to adversely affect human health as well as the 
environment. It is therefore of paramount importance to regularly monitor 
contaminants in the aquatic environment to make sure that the maximum 
allowable concentrations are not exceeded.  
A number of organic compounds can be classified as priority pollutants, and their 
periodic quantification in aqueous systems is important to make sure that the 
water quality is not compromised. Organic pollution emanates mainly from urban 
run-off, industrial effluents, sewage treatment plants and industry which include 
food processing, pulp and paper making, agriculture and aquaculture wastewater 
(Rashed, 2013).  
There is a lot of literature detailing the extraction of organic compounds from 
liquid samples. These include liquid-liquid extraction (LLE) (Cortada et al., 2011; 
Darrach et al., 2011), dispersive liquid-liquid microextraction (DLLME) (Larki et 
al., 2015; Tobiszewski et al., 2014), supercritical fluid extraction (SFE) (Librando 
et al., 2004; Rai et al., 2016; Hsueh et al., 2013; Batlle et al., 2005; Jowkarderis
 
and Raofie 2012), solid-phase extraction (SPE) (Shi et al., 2016; Kouzayha et al., 
2011), solvent microextraction (SME) (Casari and Andrews, 2001; Khajeh et al., 
2006), liquid-phase microextraction (LPME) (Rezaee et al., 2006; Larki et al., 
2015; Tobiszewski et al., 2014) and single drop microextraction (SDME)  (Xu et 
al., 2007; Jeannot and Cantwell, 1996; Wang et al., 2013; Timofeeva et al., 2016; 
García-Vázquez et al., 2016). These methods are reviewed in more detail in 
Chapter two. Since there is often involvement of high capital and operational 
costs in some of these extraction techniques, efforts are being made to develop 
improved and innovative methods of wastewater sample preparation techniques. 
Adsorption has been identified as one of the most effective technique for the 
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removal of pollutants because of the low costs involved and the capacity for the 
sorbents to be regenerated for re-use. Adsorption relies on the high interfacial 
surface area of the adsorbents. This method was used in this work for the 
extraction of nitroaromatic compounds (NACs) and polycyclic aromatic 
hydrocarbons (PAHs) from aqueous samples (paper I, paper II, paper III, 
paper IV and paper V). 
1.2 Problem statement 
The presence of organic and inorganic compounds presents a health hazard in 
drinking water. Various water regulating bodies in many countries have set 
maximum allowable limits to safe guard the health of their citizens. Beyond these 
limits, action has to be taken to reduce the amount of the pollutants. These 
stringent measures are even applied to industries whose effluents are monitored 
before discharge in different water bodies.  
Some of the pollutants occur in trace amounts which make monitoring of these 
analytes a challenge (Tobiszewski et al., 2014). At times, a large amount of water 
is needed to be sampled for analysis where pollutants are normally present at very 
small amounts. However, the use of sorbents has been proven to pre-concentrate 
these pollutants where the approach can either be batch or column. The later 
method can be through loading of the sorbent in solid phase extraction (SPE) 
cartridges (e.g., paper III). In the case of small sorbents (small mg levels) being 
used, miniaturized SPE can be carried out (e.g. paper V). 
In aquatic samples, there is nearly always a lot of interefing matrix which can be 
pre-concentrated together with the analytes of interest (Cappiello et al., 2010; 
Sarafraz-Yazdi and Amiri, 2010). In this case, application of selective sorbents is 
necessary, and there is a lot of research going on in the molecularly imprinted 
polymers (MIPs) development (Jing et al., 2014; Luo et al., 2011). These 
polymeric sorbents are used as “artificial receptors”. These receptors (MIPs) show 
high selectivity towards the targert molecules and were used in paper II and 
paper IV. 
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In rural areas, affordability of commercial sorbents has always been a big 
challenge. An example of this is where 1 ton of commercial activated carbon from 
coconut shell costs between $950 and $1400 (Ahmedna et al., 2000). There is 
therefore need to come up with equally effective sorbents to sequestrate potential 
hazardous pollutants from drinking water. Use can be made of a large volume of 
agricultural and agroforestry waste which are readily available (Gholz, 1987). 
More so, most of this biomass is already found in rural areas of developing 
countries where most of the world's population resides (Hall and Moss, 1983). 
Paper I tested the feasibility of using a waste biosorbent from Moringa oleifera 
seeds for the extraction of nitroaromatic compounds. 
Bulk materials are known to have inferior surface area and in adsorption studies, 
they ultimately have poor adsorption capacities. Reduction of the size of materials 
was the focus in paper V. Polyacrylonitrile was electrospun into nanofibers and 
was used for the extraction of nitrotoluenes from aqueous solutions. 
1.3 Outline of the thesis  
The outline of the thesis (comprising of five chapters) is presented as follows: 
Chapter 1:   A general introduction and background to water pollution due to 
organic pollutants is given. This chapter also spells out the problem 
statement which brings out the motivation of carrying out the 
research.  
Chapter II:  A consise review of the two model pollutants: nitroaromatic 
compounds and polycyclic aromatic hydrocarbons is given. 
Thereafter, the natural and synthetic sorbents used in paper I-V for 
the extraction of the model pollutants were reviewed. 
Chapter III:  The research objectives are provided in this section. 
Chapter IV: This chapter lists manuscripts (paper I-V) presented for my PhD 
examination. The work carried out, results and discussion are 
presented in each paper. 
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Chapter V: General conclusions and future work based on experimental 
findings are discussed in this section. 
References:  The references arising from the introduction and literature review      
(Chapter 1 and 2) are listed at the end of the thesis. 
Appendix:   This section lists four other papers (paper VI-VII) that were 
prepared and published during my PhD studies. 
  
 
 
 
 
 
 
Chapter 2 
2 Literature review 
Two groups of organic compounds, nitroaromatic compounds (NACs) and 
polycyclic aromatic hydrocarbons (PAHs) were investigated as model pollutants. 
Each group is reviewed in detail in this chapter. Selected modern sample 
preparation techniques are reviewed. Also discussed are low cost natural abundant 
sorbents in the form of Moringa seed powder and carbon nanofibers from waste 
fly ash. The basic principles of electrospinning are also reviewed. Also discussed 
are molecularly imprinted polymers (MIPs) which were used as selective 
sorbents.                      
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2.1 Explosive compounds  
2.1.1 Background on explosive compounds 
Explosive compounds are chemicals that decompose when exposed to external 
stimuli. This decomposition is always very rapid with a concomitant production of 
energy in the form of flame, heat and light (Juhasz and Naidu, 2007). In addition, 
gaseous products like N2, CO2 and H2O are produced resulting in the expansion of 
volume and generation of high pressures. An explosion is therefore defined as a 
rapid spontaneous expansion of matter into a much greater volume. This 
expansion results in energy being transformed into mass motion, and this is 
always accompanied by a loud noise and a generation of a great deal of heat. 
Explosive devices may be mechanical, chemical or atomic (Oxley, 1993).  
Sensitive materials that can be initiated by a relatively small amount of heat or 
pressure are called primary explosives. Organic secondary explosives can be 
classified into different groups; nitroaromatics, nitramines and nitrate esters. 
Nitroaromatic compounds, which include trinitrotoluene, 2,4,6-
trinitrophenylmethylnitramine, 1,3,5-trinitrobenzene, hexanitrostilbene and 
ammonium picrate, have NO2 groups directly bonded to carbon atom(s) on the 
aromatic ring. On the other hand, nitramines contain NO2 groups bonded to 
nitrogen(s) present within an alicyclic ring, examples include, 
cyclotrimethylenetrinitramine and cyclotetramethylene-tetranitramine. Nitrate 
esters contain NO2 groups bonded to an oxygen atom attached to an aliphatic 
carbon (Pichtel, 2012). This group includes nitroglycerin and pentaerythritol 
tetranitrate. Figure 1 shows some common explosive compounds and it is 
noticeable that all of them have a nitro group and hence are classified under nitro-
based explosives. 
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Fig.  1. Chemical structures of some selected explosive compounds 
2.1.2 Uses and sources of explosive contaminants 
Explosives are widely used in construction, mining, agriculture and military 
applications. In most cases, it has become a norm to use TNT for measuring 
explosive force, even for nuclear weapons (American Chemical Society, 2012). In 
many situations, when these compounds are prepared and transported, some 
amounts end up in water bodies (Wynn et al., 2008) which is one of the greatest 
reserviour of NACs because of their hydrophilic nature. Secondary explosives 
may also enter the environment during manufacturing, assembly, or when packed. 
During these activities, soil sediment and water may become contaminated with 
these compounds with potential negative impact on the environment and human 
health (Juhasz and  Naidu, 2007). 
Environmental contaminations by explosive compounds and their degradation 
products have been detected at and around military sites (Pennington and 
Brannon, 2002; Clark and Boopathy, 2007, Boparai et al., 2008). The disposal of 
military waste has recently become a problem from a health and environmental 
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point of view (Letzel et al., 2003). If management and disposal of explosive 
compounds at these sites are not handled properly, they and their by-products end 
up being discharged into the environment. At high accumulated concentrations, 
humans, animals and aquatic creatures will be affected (Pichtel, 2012). 
2.1.3 Effects of explosive compounds 
Monitoring and detection of explosives in the environment is of importance 
because of its acute and chronic toxicity to humans, and the possibility of 
ecological damage (Thurman and Ferrer, 2012). For example, acute toxicity has 
been shown for TNT in the adult bullfrog (Paden et al., 2008). Some explosive 
compounds such as 2,4,6-trinitrotoluene (TNT) and cyclotrimethylenetrinitramine 
(RDX) are also known to be toxic and carcinogenic chemicals. These compounds 
are hazardous to human health and its well-being upon exposure (Richter-Torres, 
1995; Smith-Simon and Goldhaber, 1995). Dinitrotoluenes can be absorbed 
by the skin, the respiratory tract, and the gastrointestinal tract. Furthermore, 
explosive residues leach from soils at military sites to underlying groundwater 
(Spiegel et al., 2005) and can exceed tolerable quantities. In previous studies by 
Angerer and Weismantel (1998) on the urine of occupationally exposed workers, 
there was detectation of 2,4-dinitrobenzoic acid as the main metabolite of 2,4-
DNT. 
2.1.4 Fate of explosive compounds 
Because of the health and environmental threat of the explosive compounds as 
outlined in the previous section, their fate in the environment is of great interest. 
Removal of pollutants and risk management of contaminated sites require 
understanding of the fate and transport of explosives and their transformation 
products in the environment (Pennington and Brannon, 2002). After being 
discharged into aquatic systems, both abiotic and biotic processes determine the 
fate of explosive compounds (Juhasz and Naidu, 2007; Brannon and Pennington, 
2002). The rate and extent of transport and transformation of energetic 
compounds are influenced by their physicochemical properties (e.g., solubility, 
vapour pressure and the Henry‟s law constant), environmental factors (e.g., 
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weather conditions, soil properties, pH and redox status), and biological factors 
(e.g., population of energetic degrading microorganisms). Some physicochemical 
properties of NACs are listed in Table 1. 
 
Table 1 Physical properties of some selected explosives compounds 
Compound λmax (nm) 
εmax 
(M
-1
 cm
-1
) 
pKa LogKow  
Kd (K
+
-mont.) 
(L Kg
-1
) 
2,4-DNT 252 14000 _ 1.98 7400 
2,6-DNT 241 10000 _ 2.02 125 
2-NT 265 5800 _ 2.3 4.6 
3-NT 273 7200 _ 2.42 21 
NB 267 7600 _ 1.84 7.2 
1,3-NB 242 >10000 _ 1.49 45000 
TETRYL 227 23000 nd 1.65 5.8 
Notes λmax Wavelength of maximum absorption  
εmax Molar extinction coefficients 
pKa Acidity constants 
LogKow Octanol/water partition coefficient 
Kd (K
+
-mont.) Adsorption constant for K
+
-montmorillonite 
 
Processes that affect the environmental fate of explosive compounds can be from 
influences that affect movement which include dissolution, volatilization and 
adsorption. Factors such as photolysis, hydrolysis, reduction and biological 
degradation can influence transformation of explosive compounds (Kalderis et al., 
2011). Figure 2 illustrates the major fate and transport pathways for energetic 
materials. 
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Fig. 2 Scheme for the possible fate of energetic compounds in the environment 
(Kalderis et al., 2011; Juhasz and Naidu, 2007; Townsend and Myers, 1996) 
 
2.1.5 Regulation of dangerous explosive compounds 
Water quality impacts due to the introduction of nitrates into the system can be a 
significant problem for a mining operation. The major sources for the nitrates are 
known to be explosives used in the mining processes. Nitrates can be introduced 
into the water in the mine or at rock disposal site. They come from spillage during 
explosive transportation or charging, leaching of the explosives in wet blastholes 
or undetonated explosive in the brokec rock after the blast.  
Regulatory agencies in Canada and the United States are placing a significant 
emphasis on compliance with effluent nitrate concentration. Typical limitations 
are established at 10 mg L
-1
 as N, based on the maximum contaminant level for 
portable use (USEPA, 1986). Due to the toxicity of the NACs to humans, some 
water regulating bodies like USEPA have set some allowable limits. A few 
examples are shown in Table 2. In South Africa, according to the NEMA act 
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number 59 of 3008, the regulatory requirements for the discharge of 2,4-DNT is 
65 µg L
-1
, the lowest value of the standard for human health effects listed for 
drinking water. 
Table 2 Allowable limits of different NACs in USA 
NAC 
Maximun allowable 
limits (µg L
-1
) 
Reference 
TNT 2 ATSDR, 1995 
2,4-DNT 0.1700 Hajjar et al., 1991 
2,6-DNT 0.0068 Hajjar et al., 1991 
 
2.1.6 Pollution assessment and monitoring/removal  
There has been a long-standing need for fast, simple, accurate ways to detect 
nitroaromatic compounds in salt water, fresh water and other liquids (American 
Chemical Society, 2012). Thus, reliable pollution assessment and monitoring of 
soil and water contaminated with these explosives is of major importance, e.g., in 
order to prepare and support efficient de-contamination and remediation activities 
(Pennington and Brannon, 2002; Clarke and Boopathy, 2007; Boparai et al., 
2008). Many techniques have been used to detect explosives, including gas 
chromatography, Raman spectroscopy and fluorescence spectroscopy (Mills, 
2012). Chemical and other sensor types can provide an excellent solution to many 
such on-site chemical detection needs both in gas and liquid phase (Yinon, 2003; 
Singh, 2007). Fluorescence spectroscopy is considered the most useful because 
of its simplicity, high sensitivity and low cost. With this technique, fluorescent 
dyes are incorporated into a solid matrix on which they interact with the explosive 
molecules, causing them to fluoresce. Plants tolerate explosives in soil and water 
up to a certain extent. Beyond this concentration, plants may be affected. 
However, they have been used in phytoremediation of explosives (Pennington and 
Brannon, 2002). 
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2.2 Polyaromatic hydrocarbon (PAHs)  
2.2.1 Background on PAHs 
Polycyclic or polynuclear aromatic hydrocarbons (PAHs) are compounds which 
include carbon and hydrogen, and always have at least two fused rings in their 
structures which are normally benzene. It is however common to also have rings 
that are not six-sided (Ravindra et al., 2008). 
One way of synthesizing PAHs is through pyrosynthesis and pyrolysis by using 
saturated hydrocarbons as precursors under oxygen-free environments. When 
exposed to temperatures exceeding 500
o
C, the C-C and C-C bonds are broken and 
there is formation of free radicals. These radicals combine with acetylene which 
then condenses to form aromatic ring structures, which are resistant to degradation 
at elevated temperatures (Ravindra et al., 2008). The general synthetic scheme for 
PAHs is shown in Fig. 3. 
 
Fig.  3. Synthesis scheme of PAHs (Ravindra et al., 2008) 
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The formation of PAHs is mostly due to the incomplete combustion and pyrolysis 
of fossil fuels or wood, and from the release of petroleum products (Manahan, 
1994). The emission of PAHs by various anthropogenic combustion sources have 
been briefly discussed by Marchand et al. (2004). Forest fires are known to be the 
single most emmiters of PAHs into the atmoshere. Other pyrogenic non-
anthropogenic sources of PAHs include volcanic eruptions and degradation of 
biological materials (Ravindra et al., 2008). 
2.2.2 Physico-chemical properties of PAHs  
With no functional groups in their structures, PAHs are lipophilic compounds 
with very low water solubility which implies that their concentration in water is 
very low (Nasr et al., 2010; Qiu et al., 2009; Nikolaou et al., 2009; Rengarajan et 
al., 2015) in the range of ng L
-1
 to pg L
-1
. The water-soluble fraction is therefore 
reduced greatly. This low concentration in the aqueous fraction makes the analysis 
of PAHs difficult. The actual concentration of PAHs in the real water samples is 
very wide, depending on the closness of the polluted area to where they are 
produced, industrialization of the area and the type(s) of available PAHs transport 
(Kanaly and Harayama, 2000). In the atmosphere, 80% of PAHs with greater than 
5 rings can be found associated with suspended atmospheric particles with very 
small aerodynamic diameters (> 2.5 μm) (EU working group on PAHs, 2001). As 
a consequence of their hydrophobic nature, PAHs in aquatic environments also 
tend to be associated to the particulate matter and finely dispersed soil colloids 
ending in sediments. Therefore, PAHs tend to accumulate and concentrate in 
sediments which represent the most important reservoir in aquatic systems 
(Kafilzadeh et al., 2011). Thus, concentrations of PAHs in water are usually very 
low as compared to the concentrations in the bottom sediments (Moore and 
Ramamoorthy, 1984). The United States Agency for Toxic Substances and 
Disease Registry has listed 17 priority PAHs based on their toxicological profile 
(ATSDR, 1995). The physical and chemical properties of PAHs strongly 
influence its transport pathways and how it is distributed in the environment. 
PAHs represents a wide spread group of environmental chemical pollutants and 
are ubiquitous contaminants in marine environments (Kafilzadeh et al., 2011). As 
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the molecular weight of PAHs` increase, their solubility in water decreases. At the 
same time, the corresponding boiling and melting point increase (Nikolaou et al., 
2009). Table 3 shows some of the physical properties of PAHs which include 
water solubility, vapour pressure, Henry`s law constant and octanol-water 
partition coefficient (Kow).  
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Table 3 Priority listed PAHs with selected physical properties (Lee, 2010). 
 
Name 
Chemical 
formula 
Chemical structure 
Molecular 
weight  
(g mol
-1
) 
Melting 
point (
o
C) 
Boiling 
point 
(
o
C) 
Vapour 
pressure 
(mmHg) 
Log 
Kow 
Log Koc 
Naphthalene C10H8 
 
128.17 80.26 218 8.7 x 10
-2
 3.29 2.97 
Acenaphthene C12H10 
 
154.21 95 96 4.5 x 10
-3
 3.98 3.66 
Acenaphthylene C12H8 
 
152.20 92-93 265-275 2.9 x 10
-2
 4.07 1.40 
Fluorene C13H10 
 
166.20 116-117 295 3.2 x 10
-3
 4.18 
 
3.86 
 
Naphthalene
Acenaphthene
Acenaphthylene
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Anthracene C14H10 
 
178.20 218 340-342 1.8 x 10
-6
 4.45 4.15 
Phenanthrene C14H10 
 
178.2 100 340 6.8 x 10
-4
 4.45 4.15 
Fluoranthene 
 
C16H10 
 
202.26 110.8 375 5.0 x 10
-6
 4.90 4.58 
Pyrene C16H10 
 
202.3 156 393-404 2.5 x 10
-6
 4.88 
 
 
4.58 
 
Benzo(a)anthracene C20H12 
 
228.29 158 438 2.5 x 10
-6
 5.16 5.30 
Chrysene C18H12 
 
228.28 254 448 6.4 x 10
-9
 5.90 - 
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Benz(a)anthracene
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Notes:  LogKow is the octanol/water partition coefficient 
LogKoc  is organic carbon-water partitioning coefficient 
- No data was supplied 
 
Benzo(a)pyrene 
C20H12 
 
252.3 179-179.3 495 5.6 x 10
-9
 6.06 
 
6.74 
 
Dibenzo(a,h)anthrac
ene 
C22H14 
 
278.35 262 - 1.0 x 10
-10
 6.84 6.52 
Benzo(g,h,i)perylene C22H12 
 
276.34 273 550 1.0 x 10
-10
 6.50 6.20 
Ideno(1,2,3-
c,d)pyrene 
C22H12 
 
276.3 163.6 530 10
-10
 - 10
-16
 6.58 6.20 
Benzo(a)pyrene
Benzo(g,h,i)perylene
Indeno(1,2,3-cd)pyrene
Chapter 2                                                                                        Literature review                                                                                                                                                                                                                                                                         
20 
 
2.2.3 Effects of PAHs 
Most PAHs are known to be toxic with the following properties; hydrophobic, 
low water solubility, and lipophilic. They therefore tend to bio-accumulate in the 
fatty tissue of living organisms and enter the food chain. Some PAHs are in the 
attention of scientists because they represent one of the largest classes of 
environmental carcinogens. However, even if some PAHs molecules are not 
carcinogenic, it was proved that their metabolites are (Tudoran and Putz, 2012). 
The toxicity of most PAHs has been traced back to the existence of K- and bay-
regions which are formed metabolically. The presence of these regions makes the 
PAHs to be very reactive both chemically and biologically. Some examples of 
PAHs with bay regions are shown in Fig. 4. 
 
Fig.  4. Selected PAH structures showing bay regions. 
 
2.3 Extraction techniques of organic compounds from liquid samples 
Identification and quantification of PAHs in real environmental samples is 
associated with many challenges. For example, the specificity of the matrix type 
(the presence of contaminants, low levels of analytes, and their diverse chemical 
structure), may not allow for their direct analysis (Tobiszewski et al., 2014). 
Many sample preparation techniquess have been used before instrumental 
analysis. These include, as listed in chapter one, liquid-liquid extraction, solid 
phase extraction, solid-phase micro extraction, gel permeation chromatography, 
Quick, Easy, Cheap, Effective, Rugged, and Safe (QuEChERS), and matrix solid-
phase dispersion. Following this importance of selecting an appropriate extraction 
technique, Oluseyi et al. (2011) devoted their time in the investigation of four 
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extraction techniques in the determination of PAHs in contaminated soil samples; 
ultrasonication extraction, Soxhlet extraction, mechanical shaking and solid-phase 
extraction.  
2.3.1 Solid phase extraction 
Solid-phase extraction (SPE) is by far the mostly used sample preparation method 
for aqueous samples (Hennion, 1999). A wide variety of distinct SPE-sorbents 
materials have been used, including polymers (Yang et al., 2009), modified silica 
gel (Wang et al., 2004), chemically immobilized with dithizone(I) for the removal 
of mercury (Mahmoud et al., 2000) and multiwalled carbon nanotubes (Liang et 
al., 2004). A typical solid phase extraction involves four basic steps (Fig. 5). 
However, another additional stage of concentrating the eluted analytes by 
reducing the volume may be needed (Xu et al., 2007). First, the cartridge is 
equilibrated with a buffer of the same composition as the sample. The sample is 
then loaded to the cartridge, and it passes through the stationary SPE sorbent 
where the desired analytes interact and retain. The washing will then remove the 
impurities and finally, the analytes are eluted with appropriate buffer, before an 
optional pre-concentration. 
 
Fig.  5. Stages in solid phase extraction. 
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2.3.2 Liquid-liquid extraction  
In liquid-liquid extraction (LLE), two or more immiscible liquids that are not in 
equilibrium are brought in contact. The analytes will then move from one phase to 
the other across the interfacial area due to the concentration gradient established 
between the phases (López-Montilla et al., 2005). One disadvantage of this 
method is that large volumes of organic solvents are used. In most cases, these 
solvents are toxic, and the set-up and operation is difficult to automate (Cortada et 
al., 2011). Just like in SPE, the solvent with the analytes of interest is often 
evaporated in order to pre-concentrate the samples. During this evaporation step, 
there is always a possibility of the loss and/or degradation of the desired target 
analyte (Darrach et al., 2011).  
2.3.3 Solid phase microextraction  
Solid phase microextraction (SPME) was introduced by Arthur and Pawliszyn 
(1990). This method is a solvent-free extraction technique that combines sample 
pretreatment, concentration and sample introduction all in one step (Saleh et al., 
2009). In SPME, a polymer-coated fiber, on which the investigated compound 
adsorbs, is placed in the sample or its headspace. After some time, the polymer-
coated fiber will then be inserted into the heated injection port of the GC system 
where the adsorbed analytes are thermally desorbed (Psillakis and Kalogerakis, 
2001). 
2.3.4 Liquid-phase microextraction  
Liquid-phase microextraction (LPME) is also another technique that uses a small 
amount of a receiver solvent for concentrating analytes from aqueous samples 
(Rasmussen and Pederson-Bjergaard, 2004). This is fast becoming a method of 
choice since it is a solvent-minimization technique. This implies that it is a green 
technique as it uses minute volumes of toxic oganic solvents which are used in the 
traditional LLE. Wu et al. (2016) used LPME for the determination of six 
steroidal and phenolic endocrine disrupting chemicals in chicken, fish and water 
samples. Recently, Dolatto et al. (2016) used LPME method to extract the highly 
polar phenolic compounds. 
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2.3.4.1 Liquid-liquid microextraction 
Liquid-liquid microextraction (LLME) was first introduced by Belardi and 
Pawliszyn (1989). In LLME, the analytes are pre-concentrated into a very small 
volume implying that there are high enrichment factor achieved (Cortada et al., 
2011). This method is a single-step extraction with high sample-to-solvent ratios. 
In order to achieve separation by centrifuge after the extraction, the organic phase 
must be denser than water. It also has to be in water to achieve high enrichment 
factor (Zheng et al., 2015). Wu and Yu (2012) used n-hexane and 
dimethylformamide for the extraction of PAHs in four different edible oils from 
China. 
2.3.4.2 Dispersive liquid-liquid microextraction  
The basic principle of dispersive liquid-liquid microextraction (DLLME) is the 
dispersion of extraction solvent assisted with a disperser solvent within an 
aqueous solution that generates a very high contact area between the aqueous 
phase and the extraction solvent (Larki et al., 2015). DLLME is considered a 
convenient and efficient microextraction technique that was first developed by 
Rezaee et al. (2006). This method was recently used by Larki et al. (2015) for the 
determination of trinitrotoluene and used trioctylmethylammonium chloride as a 
dispersing agent. In another study, Tobiszewski et al. (2014) used DLLME for the 
extraction of 43 parents and methylated PAHs from water samples with 
perchloroethylene extractant and methanol as a dispersant. 
2.3.4.3 Single-drop microextraction  
Single-drop microextraction (SDME) is a technique that is now widely because it 
is not expensive, its operation is simple and it a green method as it is nearly 
solvent-free (Xu et al., 2007). This technique was developed in quest for solvent-
reduction in sample preparation procedure. It uses minute volumes (single drop) 
of the solvent, and therefore there is minimum usage of toxic organic solvents 
(Bahmaei et al., 2015). SDME was introduced by Jeannot and Cantwell (1996). 
The procedure for this technique involves suspending a small drop of of an 
acceptor solvent at the tip of a micro-syringe which will then be exposed to the 
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sample. This technique reduces the pre-concentration of interfering matrix as only 
the investigated volatile or semivolatile analytes are saturated into headspace 
thereby extracted to a hanging drop (Wang, 2013). Recently, Timofeeva et al. 
(2016) used SDME in combination with solvent exchange for the quantification of 
caffeine in saliva. García-Vázquez et al. (2016) coupled SDME with capillary 
electrophoresis for the determination of nonsteroidal anti-inflammatory drugs in 
urine samples. A headspace single drop microextraction was used by Wu et al. 
(2008) using aqueous solution of β-cyclodextrin as extraction solvent for the 
determination of PAHs in environmental samples.  
 
2.3.4.4 Hollow fiber liquid-phase microextraction (HF-LPME) 
Hollow fiber liquid-phase microextraction (HF-LPME) was introduced in 1999 by 
Pedersen-Bjergaard et al. (1999). In this technique, a short hollow fiber is sealed 
at one end and with the help of a syringe a few microliters are introduced as an 
acceptor phase into the tube on the other end. The fiber will then be immersed into 
a solution with the analytes of interest. Due to the concentration gradient, the 
analytes are found to move into and saturates the acceptor phase across the 
membrane. Since the HF-LPME uses small amounts of fiber cheap 
environmentally friendly materials, it implies that they can easily be disposed of 
without incurring appreciable costs (Payán et al., 2010). Another advantage of the 
HF-LPME is that its pores are very small and cannot allow the traversing of large 
molecules and this brings about its selectivity as the matrix remains in the bulky 
donor solution after the pre-concentration process (Xiao et al., 2010). This 
technique has successfully been applied for the pre-concentration of PAHs 
(Hyder, et al., 1999; Liu, 2015). 
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2.4 Extraction techniques of organic compounds from solid samples 
2.4.1 Soxhlet extraction 
Soxhlet extraction is probably the most used method for the extactions of analytes 
from solid matrices. It is a method with which other extaction methods and 
techniques are normally benchmarked (Parera et al., 2004). In the soxhlet 
extraction, the solid sample which can be a soil or sediment is placed in a thimble 
above the extracting solvent in a round bottomed flask in a closed system. The 
solvent is heated to boiling and the vapour produced passes through a by-pass arm 
into the condenser where it is condensed back into a liquid above the thimble 
containing the sample. The solvent penetrates and soaks the sample, thereby 
extracting the analytes of interest. The solvent loaded with the analytes overflows 
back into the round bottomed flask where the analytes remain (having a higher 
boiling point than the solvent). This cycle is repeated as the extracting solvent is 
heated again. Marvin et al. (1992) compared Soxhlet and ultrasonic extraction for 
PAHs extraction. The ultrasonic extraction was better than the soxhlet extraction 
in terms of the yield of PAHs extracted from sediments and air particulates 
(Marvin et al. 1992). Oluseyi et al. (2011) investigated ultrasonication extraction, 
mechanical shaking and solid-phase extraction techniques in the determination of 
PAHs in contaminated soil samples. As is usually the norm, the Soxhlet extraction 
was included for comparison purposes. 
2.4.2 Supercritical fluid extraction  
Supercritical fluid extraction (SFE) with supercritical carbon dioxide as a solvent 
is widely used for the extaction organic compounds from solid samples. Its use 
results in a great reduction in extraction times. Librando et al. (2004) extracted 
PAHs from marine sediments and soil samples. Rai et al. (2016) did supercritical 
extraction of oil from sunflower seeds. Hsueh et al. (2013) used supercritical 
water at 673 K and 240 bars for the extraction of PAHs hindered in fly ashes. 
Recently, there has been interest in combining SFE with other extraction 
techniques, e.g., Jowkarderis
 
and Raofie (2012) coupled SFE with LLME as an 
efficient sample preparation method for the analysis of isomers of nitrotoluene in 
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a complex matrix. The use of SFE has also been used by Batlle et al. (2005) 
coupled to various analyte collection strategies for the extraction of nitroaromatic 
compounds and their degradation products from soil samples.  
2.4.3 Microwave assisted extraction 
The principle of this technique is heating the solid sample mixed and 
homogenized in the extracting solvent by microwaves. This increases the mass 
tranfer of the analytes from the sample into the bulk solution of the extracting 
solvent. This technique has an advantage of having short extraction times as 
compared to other traditional methods. Microwave assisted extraction was also 
used by many researchers to extract compounds like PAHs (Sibiya et al., 2013). 
Kjellström et al. (2008) investigated the extraction of TNT from soil samples. 
2.4.4 Pressurized liquid extraction  
Pressurized liquid extraction is a relatively new technique for the extraction of 
analytes from solid samples. This method uses common solvents at high pressures 
and temperatures. Pressurized liquid extraction is a very fast technique and it uses 
less solvent than conventional techniques (Santos et al., 2012; Richter et al., 
1996). According to the study by Itoh et al. (2008), when Soxhlet extraction, 
microwave-assisted extraction and pressurized liquid extraction where compared 
for their capabilities of extracting PAHs, and it was found that the later was more 
efficient. 
 
2.5 Performance comparison of different extraction analytical methods  
Comparison of selected analytical methods for the extraction and determination of 
PAHs and NACs is presented in Table 4. From the table, it can be seen that the 
most common separation-detection method for both PAHs and NACs is the GC-
MS. 
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Table 4 Comparison of different methods for the extraction of PAHs and NACs 
PAH/NAC Matrix 
Pre-
concentration 
method 
Separation-
detection method 
Reference 
16 priority soil Acetone-SPE HPLC-Flu Kootstra et al., 1995 
16 priority soil 
Ultrasonication-
SPE 
HPLC-UV Sun et al., 1998 
PAHs water SPE HPLC Moja and Mtunzi, 2013 
16 priority plant 
ultrasound 
 
GC-MS Guatemala-Morales et al., 2016 
16 priority water LLME GC-MS Zheng et al., 2016 
16 priority edible oils LLME GC-MS Wu and Yu, 2012 
parent and 
methylated PAHs 
water DLLME GC-TOF-MS Tobiszewski et al., 2014 
PAHs wastewater SDME GC-FID Sun et al., 2014 
TNT Water and soil DLLME UV-Vis  Larki et al., 2015 
Mono-NTs Water DLLME GC-FID Sobhi et al., 2010 
Nitroaromatic Water SPME GC-MS Psillakis and Kalogerakis, 2001 
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explosives 
Nitroaromatic 
explosives 
Water SDME GC-MS Psillakis and Kalogerakis, 2001 
16 PAHs Water SPME GC-MS King et al., 2004 
Nitroaromatic 
compounds 
water SPME GC-MS  Jönsson et al., 2007 
Nitrobenzenes Water SDME GC-MS Zhao et al., 2004 
PAHs Water SDME HPLC-UV Hou and Lee, 2002 
MNTs Water  DLLE GC-FID Sobhi et al., 2010 
2,4-DNT Water DLLME GC-FID 
Ebrahimzadeh et al., 2009 
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2.6 New sorbent materials 
 
2.6.1 Molecularly imprinted polymers  
Research for selective identification and quantification of explosive compounds 
has attracted the attention of public security specialists and environmental 
scientists. Recent developments in the area of molecularly imprinted polymers 
(MIPs) have seen the preparation of specific and selective materials that can 
adsorb organic compounds from aqueous samples (Jenkins et al., 2012). MIPs are 
synthetic sorbents that work as artificial receptors due to their good selectivity. 
The synthesis approach involves the co-polymerization of functional and cross-
linking monomers in the presence of template molecules. Subsequent extraction 
of template creates specific molecular recognition sites in solid polymers, which 
are complementary to the shape, size, and functional group(s) of the template 
(Yunhe et al., 2009). MIPs have been used in solid phase extraction as selective 
sorbents to concentrate target analytes and at the same time clean-up samples 
prior to analysis (Ebrahimzadeh and Behbahani, 2013). The biggest benefit of 
using MIPs is in the selective sorption of the target analyte(s) which always occur 
alongside complex matrix if real samples are analyzed. Due to a betterfit in shape 
and surface chemistry, these cavities will later on preferentially adsorb the 
template molecules over closely related analogues (Wackerlig and Schirhagl, 
2016). The affinity and selectivity of MIPs basically depend on the parameters 
which are determined by the strength and type of intermolecular interactions 
(Riah et al., 2010). Figure 8 shows the general synthetic diagram for the 
preparation of MIPs. 
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Fig.  6. Schematic diagram for the synthesis of MIPs (Haupt et al., 2010) 
In pharmaceutical field, there is increasing demand for optically pure drugs, and 
this has resulted in an interest in developing sorbents and methods for efficient 
chiral separation. Balamurugan et al. (2011) synthesized a MIP with either (+) or 
(-)-Ephedrine ((R∗,S∗)-2-(methylamino)-1-phenylpropan-1-ol) as chiral drug 
templates and used the material as stationary phases in chromatographic colums. 
The MIPs were effective for the resolution of Ephedrine enantiomers. In their 
quest to separate diastereoisomers of mandelic acid, R- and S- hydroxy-1-phenyl-
acetic acid, Hung et al. (2005) packed MIPs into the HPLC columns. In HPLC 
sorbents, the size of the packing materials in columns is very crucial. The 
mechanical processing (grinding of bulk polymers) normally leads to non-
homogeneous particles with respect to shape and size resulting in the production 
of irreproducible quality data. This disadvantage of bulk polymerization is the 
reason why other imprinting formats have been investigsated. For example, 
monolithic MIPs columns have been recently prepared directly inside stainless 
steel columns (Matsui et al., 1993; Yin et al., 2005). 
2.6.2 Carbon nanomaterials 
Carbon nanofibers (CNFs) are carbonaceous fibrous materials conformed by 
stacked graphene layers (Serp et al., 2003). They are hydrophobic and almost 
without functional groups. There are two main methods for the synthesis of CNFs 
which are catalytic thermal chemical vapor deposition growth and electrospinning 
followed by heat treatment. These two approaches were reviewed by Feng et al. 
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(2014). In the former, CNFs are synthesized from the decomposition of a 
hydrogen and carbon source (and/or carbon monoxide), and the catalys used are 
normally the metals or metal oxides. The reaction is normally carried out at high 
temperatures ranging between 400 and 700°C (Rodriguez, 1993). Since their first 
synthesis, the carbonaceous fibrous materials (CNFs and carbon nanotubes 
(CNTs)) have been on the spotlight amongst researchers owing to their potential 
applications in catalyst support and environmental analysis as sorbents. Raw 
CNTs are mainly used for the removal and extraction of hydrophobic organic 
compounds owing to their high adsorption capacity (Xia et al., 2013). 
 
Fig.  7. Structure of carbon nanotubes 
It is necessary to convert the CNFs into hydrophilic material if the subsequent use 
is to extract polar compounds. This is normally carried out by modifying or 
adding functional groups normally carrying heteroatons like O, N and S. With 
these groups, the surface of the carbonaceous materials is able to extract extract 
polar organic compounds. There is a lot of literature which reported the 
modification of CNFs with different surfactants specifically chosen for particular 
organic analyte, e.g., Norzilah et al. (2011) used 4 M of HNO3 to modify CNTs 
for the sorption of methylene blue and phenol. The effect of the chemical 
activation, using HNO3, of commercial CNFs on its surface chemistry and 
adsorption properties was investigated by Cuervo et al. (2008). 
Chapter 2                                                                                        Literature review                                                                                                                                                                                                                                                                                                                                                                                    
32 
 
2.6.3 Electrospun fibers 
Electrospinning is a method that is used to produce fibers that are characterized by 
small diameters. In the synthesis of these fibers, there is utilization of a potential 
difference beteen the collector and the solution being electrospun (Sheikh et al., 
2013). Electrospinning is an old technique, and cellulose acetate is one of earliest 
materials to be electrospun and there is a patent regarding this (Formhals, 1938). 
Key properties for a polymer (natural and synthetic) to be electrospun are that it 
should be sufficiently soluble, of high molecular weight, and that the dissolved 
solution should be viscoelastic and conducting electricity (Rutledge and Fridrikh, 
2007; Bhattacharjee and Rutledge, 2011). Cellulose and chitosan have been 
electrospun a lot because these materials are cheap owing to their natural origin 
and availability in large quantities (Ward, 1943). However, some materials have 
been investigated, e.g., polyacrylonitrile (PAN) nanofiber membranes coated with 
calix[8]arenes were electrospun from different composition mixtures of PAN 
solutions and calixarenes (Chen et al., 2013). Deng et al. (2009) demonstrated that 
1D fluorescent nanofibers prepared from a conjugated polymer, 
poly(triphenylamine-alt-biphenylene vinylene), with excellent sensory 
performance which could be a good candidate sensor for detection of TNT. Close 
to this work, Tao et al. (2007) demonstrated the use of porphyrin doped 
electrospun nanofibers for the detection trace amounts of of TNT in vapours. 
Electrospun fibers have demonstrated applications in filtration and biosensors 
(Wang et al., 2004). Figure 8 shows the simple horizontal electrospinning set-up. 
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Fig.  8. Schematic setup for electrospinning 
2.6.4 Moringa oleifera   
Moringa oleifera is one of the fourteen species of trees that fall under genus 
Moringaceae. This plant naturally grows in countries/regions like India, Sri-
Lanka, Mexico, Middle East and south-western Africa. It has been a subject of 
research due to its unique nutritional (Gowrishankar et al., 2010; Dillard and 
German, 2000), therapeutical (Ayotunde et al., 2011; Anwar et al., 2007) and 
water coagulation properties (Santos et al., 2012; Ali et al., 2009). The use of 
Moringa oleifera as a water purifier is probably one of its major use. Natural 
adsorbents are used mostly in water treatment as they are cheap and readily 
available (Kumari et al., 2006). In contrast, traditional method  of  water  
purification  using  aluminium  sulphate and  calcium  hypochlorite  are  very  
expensive, especially for  rural communities in developing countries. This leaves 
no option for rural communities but look for alternative cheap methods of 
cleaning their drinking water. However, most readily available adsorbent sources 
lack in sorption capacities, thereby exposing people to waterborne diseases.  
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Fig.  9. Moringa oleifera tree and seed kernels 
Huge volumes of waste and by-products are generated when agricultural products 
are processed. Use of it can be made by developing the biosorbents to treat 
polluted water (Reddy et al., 2010). Apart from low cost, the other advantages 
that biosorbents have over other conventional methods include; high efficiency, 
minimization of chemical and or/biological sludge, ability for regeneration of 
biosorbent and no additional nutrient requirement. There are no significant 
concentraion of Cl
−
 and SO4
2-
 after water treatment, unlike when traditional 
coagulants like FeCl3 and Al2(SO4)3 are used. 
Apart from being used as raw, the Moringa seeds are known to contain some 
proteins which have been extracted and used in water purification. In a study by 
Ndabigengesere et al. (1995), they found the net charge of the protein to be 
positive. This natural cationic protein acted as a flocculant, thereby decreasing the 
turbidity of the water. It was found to be capable of removing negatively charged 
particles including bacteria (Ndabigengesere et al., 1995). Ghebremichael et al. 
(2005) had the same observations that the proteins had a net positive charge when 
they were added to water.  
Chemically modified Moringa seed powder, especially with amine-based 
surfactants, has been used for the sequestration of metal ions from aqueous 
solutions. This is owing to the strong binding properties of the amine functional 
groups. Mnisi et al. (2012) used unmodified and amine modified 
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(ethylenediamine, diethylenetriamine, triethylenetetramine and 
tetraethylenepentamine) Moringa oleifera bark as a potential alternative sorbent to 
the current costly methods of vanadium removal from polluted water solutions. 
Use of different coating agents was done to ascertain whether the different amines 
could functionalize the adsorbent and what effect this would have on the 
adsorption performance.  
Activated carbon (AC) is a carbonaceous material which is characterized by high 
surface area. This physical transformation is another popular modification. Since 
Moringa oleifera seed husks are available in large amounts, they were used by 
Warhurst et al. (1997) to make AC. The product showed high micro-porous with 
some meso-porosity and showed fast adsorption of pollutants 4-nitrophenol and 
methylene blue. High-quality AC made from readily available waste husks of 
Moringa oleifera (Miquel and Wendy, 2010; Pollard et al., 1995) was used to 
clean contaminated water. Sumathi and Alagumuthu (2014) activated Moringa 
oleifera dried raw leaves by carbonizing them in a muffle furnace at 400°C for 
removal of arsenic from aqueous solutions. 
2.7 Performance comparison of different extraction analytical methods  
Table 5 summarizes the application of different sorbents (discussed above as new 
sorbent materials) for the removal of PAHs and NACs from aqueous solutions. 
There is a lot of literature concerning the extraction of PAHs from different 
matrices. For example Lau et al. (2010) gave a detailed review of the extraction of 
PAHs from soil samples where techniques like Soxhlet extraction, supercritical 
and subcritical fluid extraction and fluidized-bed extraction were details. 
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Table 5 Comparison of different methods for the removal of PAHs and NACs  
PAH/NAC Material 
Separation 
method 
Selectivity 
[Y/N] 
LOD Reference 
2,4-DNT 
Functionalized multiwalled 
carbon 
Nanotubes/polyethyleneimine 
Electrochemical 
sensors 
Yes 
1.0 × 10−9 mol 
L
-1
 
Nie et al., 2016 
TNT 
Porphyrin doped electrospun 
fibers 
Adsorption - - Tao et al., 2007 
NB 
Raw and biocharred Moringa 
oleifera seed powder 
Biosorption No xxx 
Tavengwa et al., 
2016 
16 priority 
Multi-walled carbon 
nanotubes 
 xx xx Ma et al., 2010 
TNT MIP Adsorption Yes 40.7 µM Stringer et al., 2010 
2,4-DNT MIP Adsorption Yes 30.1 µM Stringer et al., 2010 
2,4-DNT Porous graphitic carbon   0.07 ng µL-1 Tachon et al., 2007 
TNT MIP Adsorption Yes - Bunte et al., 2007 
§
Light PAHs MIP Adsorption Yes 1.5-270 ng L
-1
 Egli et al., 2015 
ϗ
Probable MIP Adsorption Yes - Krupadam et al., 
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human 
carcinogens 
2010 
Nitroaromatic 
compounds 
Graphine oxide, reduced 
graphine oxide and graphine 
nanosheets 
Adsorption - - 
Chen and Chen, 
2015 
Nitroaromatic 
compounds 
Carbon nanotubes Adsorption - - Chen et al., 2007 
TNT 
SiO2 aerogel/activated 
carbon 
Adsorption - - Zhou et al., 2013 
Nitroaromatic 
compounds 
β-CD@CNFϗ Adsorption - 3-24 µg L-1 
Tavengwa et al., 
2016 
      
ϗ: These are: B[a]A, benzo[a]anthracene; B[a]P, Benzo[a]pyrene; B[b]F, Benzo[b]fluoranthene; Chr, Chrysene; D[a]P, dibenzo[a,h]pyrene; and 
I[2]P and
§
These are: Nap, Flu, Phen and Pyr 
-: not reported 
ϗ: β-cyclodextrin functionalized on carbon nanofibers 
Where „Nitroaromatic compounds` is mentioned, a mixture of >3 NAC was used 
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3.1 General objectives  
The general objective of the study was to develop natural and synthetic sorbents 
for application in water treatment for the extraction and removal of organic 
pollutants (explosive compounds and polycyclic hydrocarbons). 
3.2 Specific objectives 
 To apply the characterized raw and biochared Moringa oleifera seeds to the 
removal of nitrobenzene from aqueous solutions (paper I). 
 To study the selective extraction of 2,4-DNT explosive from aqueous 
solutions by application of magnetic molecularly imprinted polymers 
(paper II). 
 To investigate the extraction of explosive compounds from aqueous 
solutions by solid phase extraction impregnated with β-cyclodextrin 
functionalized carbon nanofibers (paper III). 
 To prepare the molecularly imprinted polymers-membrane assisted solvent 
extraction combination for the extraction of polycyclic aromatic 
hydrocarbons from sewage wastewater (paper IV). 
 To electrospin polyacrylonitrile into nanofibers and characterize it before 
extraction of nitrotoluenes from aqueous solutions (paper V). 
3.3 Research questions 
 What are the factors that can be optimized in order to achieve better 
quantification and identification of the low concentrations of nitroaromatic 
compounds and polycyclic aromatic hydrocarbons in the environment?  
 Does biocharring of Moringa oleifera seed powder have an effect in the 
extraction of nitrobenzene? 
 Can the molecularly imprinted polymers selective of specific selected analyte 
be synthesized and perform as expected in batch adsorption studies? 
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3.4 General approach 
 Selection/development of the desired sorbent material as outlined in the 
methodology sections of the respective papers. 
 Modification (chemical or physical) of the starting material accordingly. 
 Full characterization of the prepared material was carried out to gain the 
physico-chemical behaviour of the prepared materials. 
 Optimization of the proposed methods was carried out. Parameters such as 
sample pH, contact time and weight of the sorbent were investigated. 
 Where relevant, modelling of the kinetic data (e.g., pseudo-first-order and 
pseudo-second-order) and adsorption data (e.g., Langmuir and Freundlich) 
were carried out. 
 The developed methods (optimized) were then applied to real environmental 
samples to test their applicability from parameters such as recovery and 
%RSD. 
Figure 10 shows the general flow chart of the order of experiments. In paper II, 
III and IV, the work started with chemical synthesis of the material; MIPs for 
paper I and IV and fibrous materials paper III. Physical transformation of the 
moringa seed powder into activated carbon was also used to prepare the sorbent 
paper I and in paper V, PAN was converted into nanofibers through 
electrospinning. At times, the material needed further functionalization in order to 
improve the sorption of the target analyte. An example is when the synthesized 
CNF was further modified but addition of β-cyclodextrin (paper III). In paper 
IV, the synthesized MIPs were firstly added to a membrane bag and dispersed in 
toluene acceptor phase. Necessary characterization of the prepared materials were 
done and reported in the respective papers. Full optimization was done to find out 
the maximum values of parameters likely to affect the uptake of the investigated 
analytes. The optimized parameters were finally applied to real environmental 
samples. 
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Fig. 10 A general scheme for the research approach. 
 
  
 
 
 
 
 
 
Chapter 4 
4 List of publications 
This chapter lists all the five manuscripts submitted for examination. Each 
manuscript is formatted into the sytle requirement of the journal as per the 
requirements of the particular journal. Note also that the reference styles are also 
different. Papers I and III have already been published, papers II and V have 
been submitted and are currently under review, whilst paper IV is a manuscript 
that will be submitted soon. 
  
 
 
 
 
 
 
Paper I 
This paper “Application of raw and biochared Moringa oleifera seeds to the 
removal of nitrobenzene from aqueous solutions,” was published in Desalination 
and Water Treatment. It explores the effect of biocharring of the natural sorbent 
Moringa oleifera seeds in the uptake of nitrobenzene model pollutant.  
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Paper II 
 
This paper “Application of polymer-composites for the solid phase extraction of 
selected nitroaromatic compounds from contaminated aqueous environments,” 
was submitted to Separation Science and Technology. It describes the effect of 
imprinting polymers and application of these in the uptake of nitrobenzene, 2,4-
DNT and 2-NT model pollutants.  
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Application of magnetic molecularly imprinted polymers for the 
solid phase extraction of selected nitroaromatic compounds 
from contaminated aqueous environments 
Nikita Tawanda Tavengwa, Ewa Cukrowska, and Luke Chimuka* 
Molecular Sciences Institute, School of Chemistry, University of Witwatersrand, 
Private Bag 3, Johannesburg 2050, South Africa 
*E–mail address: luke.chimuka@wits.ac.za 
Graphical abstract 
 
Highlights 
 The synthesized magnetic molecular imprinted polymers were used to extract 
nitroaromatic compounds and were loaded in solid extraction cartridges for 
elution. 
 Low detection limits of 2,4–dinitrotoulene, nitrobenzene and 2–nitrotoulene were 
found to be 13.6, 7.7 and 27.2 µg L
-1
, respectively. 
 The magnetic molecular imprinted polymers showed good recoveries of 82%–90% 
when applied to real wastewater samples. 
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ABSTRACT  
Magnetic molecularly imprinted polymers (MIPs) were successfully synthesized by 
bulk polymerization for the extraction of nitroaromatic compounds (NACs). Based on 
the HPLC method, the linear calibration range of 0.5–5 mg L-1 for 2,4–dinitrotoluene, 
nitrobenzene and 2–nitrotoluene gave detection limits of 13.6, 7.7 and 27.2 µg L-1, 
respectively and good correlation values of R
2
 > 0.993 of all the analytes were 
obtained. The optimum sorption was at sorbent dosage of 5 g L
-1
, contact time of 15 
min and at pH 8. Recoveries for 2,4–dinitrotoluene, nitrobenzene and 2–nitrotoluene 
from spiked real water samples were all   82%.  
Keywords Nitroaromatic compounds; Magnetic; Molecularly imprinted polymers, 
Solid phase extraction 
Introduction  
Nitroaromatic compounds (NACs) accumulate in the environment due to their wide 
use in industries that manufacture compounds like dyes, pesticides and explosives. 
They are mostly used as explosives in mining, projectiles and demolition of buildings 
(1, 2). A wide range of NACs are available e.g., 1,3,5–trinitroperhydro–1,3,5–
triazine, octahydro 1,3,5,7–tetranitro–1,3,5,7–tetrazocine, 2,4,6,8,10,12–
hexanitrohexaazaisowurtzitane, nitrotoluenes (e.g. 2–nitrotoluene, 2,4–dinitrotoluene, 
3–nitrotoluene, 2,6–dinitrotoluene) and nitrobenzenes (e.g. 1,3–dinitrobenzene). 
These compounds are classified as explosives because they release large amounts of 
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energy in the form of heat, light and flame when they are exposed to chemical or 
physical stimuli (3).  
Acute exposure to NACs can cause headaches, convulsions, circulatory collapse, 
nausea, liver failures and death in humans, while chronic exposure may cause 
hallucinations and skin rashes (4-6). The –NO2 functional group in NACs can interact 
with DNA and result in the alterations of it or its expression (1, 7) and can cause 
infertility in animals (1). The –NO2 group is reduced to more reactive carcinogenic 
compounds such as nitroso and hydroxyl amino groups (8). NACs such as 
nitrobenzene, dinitrotoluenes, and mono– and di– nitrophenols are toxic and powerful 
carcinogens, and are classified as priority pollutants by the United States 
Environmental Protection Agency (9). NACs are normally present at low 
concentration in complex environmental matrices such as river or industrial 
wastewater (10). Concentration levels of 50 µg L
-1
 have been reported in surface 
water (11). According to Howard (12), nitrobenzene concentrations in various 
industrial effluents were: auto and other laundries 40.4 µg L
-1
, pesticides manufacture 
16.3 µg L
-1
, explosives 51.7 µg L
-1
 and organic chemicals 43.7 µg L
-1
. The 
recommended maximum allowable concentrations for NACs were set at 0.0068 µg L
-
1
 for 2,6–DNT and 0.17 µg L-1 for 2,4–DNT (13). 
NACs are environmental hazards because industries that manufacture and use 
them do not dispose them adequately, so they end up in soil and ground water. Before 
these compounds can be degraded, there is need to develop efficient methods that can 
extract them from the environment. When exposed to light, nitrobenzenes in the 
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atmosphere are degraded to hydroxyl radicals. They are also degraded in the 
lithosphere by micro–organisms in the soil (1). 
It is therefore important to come up with new ways to extract NACs from the 
environment. There has been an increase in developing methods to extract them from 
the environment. Some of these methods include solvent microextraction (14) 
supercritical fluid extraction (15), solid phase extraction (16), and ultrasound–assisted 
dispersive liquid–liquid microextraction (17). Polymers, especially molecularly 
imprinted polymers (MIPs), have the potential to selectively extract such compounds 
if properly synthesized and optimized (18). MIPs are materials that have specific 
recognition cavities within a polymer network (19,20). MIPs form sites which are 
chemically and physically complementary to the template molecule (21). They are 
used for binding specific molecules and are applied in many different fields ranging 
from environmental chemistry, electrochemistry, biochemistry and drug design, 
catalysis and sensors (22, 23). Magnetic MIPs are a modified version of MIPs where 
inorganic magnetic particles are coated by a polymer to make the whole sorbent 
magnetic (21). The addition of a magnetic particle overcomes some of the problems 
that are found in MIPs, and can provide controllable binding and rebinding of the 
templates (24). Other advantages provided by magnetic MIPs are that they have 
greater selectivity, shorter contact time with the analyte solution and can be reused 
many times (21, 25). Although imprinted polymers have been explored for the 
extraction of other organic compounds (26), not much has been reported on the use of 
these materials for the extraction of nitroaromatic compounds.  
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This research therefore attempted to prepare magnetic MIPs and then pack them 
in solid phase extraction cartridges for the extraction of selected NACs. This is 
important in the South African context as mining is an important pillar for its 
economy where the NACs normally end up polluting water bodies. The targeted 
NACs were 2,4–dinitrotoluene (2,4–DNT), nitrobenzene (NB) and 2–nitrotoluene (2–
NT). 
Experimental  
Materials and equipment 
FeSO4·5H2O was purchased from Riedel–de Haen (Seelze, Germany). Methanol 
(99%), acetonitrile (99%) and Fe2(SO4)3 were purchased from The British Drug 
Houses (Poole, England). Ethlylene glycol dimethacrylate (EGDMA), N,N–
dimethylformamide, oleic acid (OA), methacrylic acid (MAA) and 4,4'–azobis (4–
cyanovaleric acid) were purchased from Sigma–Aldrich (Steinheim, Germany). The 
explosives NB, 2,4–DNT and 2–NT were also purchased from Sigma–Aldrich 
(Steinheim, Germany). 
A Bischoff high–performance liquid chromatography (HPLC) equipped with a 
lambda 1010 detector set at λmax 254 nm with an Ascentis RP–amide column (25 cm x 
4.6 mm x 5 µm) was used. An acetonitrile/water (50:50, v/v) mobile phase solution 
was used at a flow rate of 1 mL min
-1
. Elution of the template from the synthesized 
magnetic polymers was done using a pressurized hot water extraction (PHWE) in a 
modified Hewlett Packard 5890 gas chromatography oven fitted with a GenTech 
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Scientific Waters 515 HPLC pump (Milford, USA). For grinding, a pulverrisette from 
Fritsch (Darmstadt, Germany) was used. A Retsch AS 200 mechanical sieve from 
Monitoring and Control Laboratories (Pty) Ltd (Johannesburg, South Africa) was 
used to sieve the ground polymers for 4 min at an amplitude of 1000 at 600 rpm. 
Deionized water from Millipore system (Molsheim, France) was used. A Rotofix 32 
A Centrifuge from Hettich Lab Technology (Tuttlingen, Germany) was used for 
centrifuging. The pH meter from Knick (Germany) was used to measure the pH. 
Thermogravimetric analysis (TGA) for the prepared materials was performed with 
Perkin Elmer Pyris 1 TGA Thermogravimetric Analyser (Massachusetts, USA). 
Fourier transform infrared (FTIR) spectra were recorded in the frequency range of 
400–4000 cm-1 using a Tensor 27 Bruker FTIR spectrometer (Ettlingen, Germany). 
Scanning electron microscopy (SEM) images were obtained from a FEI Quanta 200 
SEM (FEI, Hillsboro, OR, USA). All samples were first coated with Cr with A 
Q150T ES from Quorum Technologies Ltd (East Sussex, UK) to avoid charging. 
Preparation of solutions and sampling  
Explosive compounds were prepared by dissolving them in 50/50 acetonitrile/water 
(v/v) solution to make 100 mg L
-1
 stock solutions and 0.5–5 mg L-1 calibration 
standards were prepared. Stock solutions were stored at 4ºC when not used and 
working solutions prepared whenever needed from the stock solutions. Table 1 
summarizes the validation data of the three explosive compounds.  
Real samples were collected from a local river which passed through an 
explosives manufacturing company in East Rand, South Africa. Prior to extraction of 
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NACs, the river water was filtered through the 0.45 µm filter paper. The application 
was only tested with the magnetic MIPs for the extraction of NACs spiked at three 
different levels of 50 µg L
-1
, 100 µg L
-1 
and 200 µg L
-1
.
  
 
Table 1. Validation parameters for HPLC determination of a mixture of three 
explosive compounds. 
 
tR (min) Equation R
2
 LOD (µg L
-1
) LOQ (µg L
-1
) 
NB 9.7 y = 0.1726x + 0.1225 0.9998 13.6 45.5 
2,4–DNT 11.6 y = 0.2112x + 0.2319 0.9997 7.7 25.6 
2–NT 12.7 y = 0.1164x + 0.2429 0.9998 27.2 89.8 
    Note: LOD Limits of detection, LOQ Limits of quantification. 
Synthesis of nano–magnetic particles 
FeSO4·5H2O (6 g) and Fe2(SO4)3 (4.2 g) were placed in a one neck 250 mL round 
bottomed flask in the presence of a magnetic stirrer and were dissolved in 100 mL of 
distilled water. The solution was heated to 80ºC and purged for 5 min with nitrogen 
gas. After purging, 10 mL of ammonium solution was added and the mixture was 
stirred for 20 min. The synthesized iron oxide particles were removed magnetically 
from the solution. They were then washed with 50 mL portions of water and then 50 
mL portions of ethanol. 
Coating of nano–magnetic particles 
Coating was done by dispersing the synthesized iron oxide nano–particles in 100 mL 
distilled water where the solution was heated to 80ºC with stirring. The mixture was 
then purged for 3 min with nitrogen gas before 20 mL of oleic acid (OA) was added 
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and the temperature was maintained at 80ºC for 30 min. The resulting coated iron 
oxide particles were washed with water/ethanol (35/15 v/v), then with (15/35 v/v) and 
finally with 50 mL of ethanol.   
Synthesis of magnetic molecularly imprinted polymers  
A mass of 0.75 g of the OA coated iron oxide (Fe3O4) particles was dispersed in 12 
mL of N,N–dimethylformamide in a 250 mL round bottomed flask and heated to 
40ºC. 50 mg 2,4–DNT, 35 μL of methacrylic acid and 3.15 mL of ethylene glycol 
methacrylate were then added to the flask and purged with nitrogen gas for 3 min. 
After purging, 50 mg of 4,4'–azobis (4–cyanovaleric acid) was added to the solution 
and was heated at 80ºC for 35 min. Once polymerization finished, the magnetic 
polymer was removed and dried at 55ºC, ground and sieved to limit the particle 
diameter between 25 and 50 μm. The template was then eluted from the polymer 
using pressurized hot water extraction unit where the eluent composition was initially 
1% acetic acid and then increased to 10% acetic acid. Magnetic NIPs were prepared 
in the same as way as magnetic MIPs with the exclusion of 2,4–DNT.  
Point of zero charge (pHPZC) determination  
14 mL of 0.01 M NaCl solution was aliquoted into a series of vials. The initial pH 
(pHi) was adjusted from 2 to 12 by addition of 0.1 M NaOH or HCl. A 10 mg sample 
of magnetic MIP was added to each vial followed by 170 rpm agitation for 24 h at 
25ºC. After filtration, the final pH (pHf) of the supernatant was then measured. The 
pHPZC was defined as the point at which the curve of pHi vs pHf plateaued.  
Chapter 4                                                                                                             Paper II 
63 
 
Optimization of the NACs uptake by the magnetic polymers  
The pH optimization studies were done by adjusting the solutions of all the three 
NACs (2,4–DNT, 2–NT and NB) with HCl and NaOH (Fixed parameters: mass of 
the magnetic polymer = 30 mg; concentration = 1 mg L
-1
; sample volume 20 mL; 
contact time = 30 min). The amount of magnetic MIPs and NIPs was varied between 
10 and 100 mg, (Fixed parameters: concentration = 1 mg L
-1
; sample volume 20 mL; 
contact time = 30 min; sample pH = 8). The contact time was investigated between 5 
and 30 min (Fixed parameters: mass of the magnetic polymer = 100 mg; 
concentration = 1 mg L
-1
; sample volume 20 mL; sample pH = 8). The initial 
concentration of 2,4–DNT was varied between 0.1 and 2 mg L-1  (Fixed parameters: 
Mass of the magnetic polymer = 100 mg; sample volume 20 mL; contact time = 15 
min; sample pH = 8). All experiments were done in batch mode in triplicate in a fixed 
volume of 20 mL and shaken on an elliptical benchtop shaker at 300 rpm. After the 
sorption of the NACs, the polymers were loaded in SPE cartridges where the solution 
was drained and the loaded MIPs were then eluted with 3 mL of a 9/1 methanol/water 
(v/v) solution. The filtrate was then analyzed by an HPLC–UV. Extraction efficiency 
and adsorption capacity q (mg g
-1
) were calculated using Eqs. (1) and (2), 
respectively.  
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where CA (mg L
-1
) and VA (L) are the NACs concentration and volume after solid 
phase extraction. CD (mg L
-1
) and VD (L) denote the NACs concentration and volume 
in the donor solution before solid phase extraction. Ce (mg g
-1
) is the final 
concentration, V (L) is the sample volume and W (g) is the magnetic polymer mass.  
Results and discussion  
Synthesis and characterization of MIPs 
Preparation of magnetic polymers 
The magnetic MIPs and NIPs were successfully synthesized using the scheme shown 
in Fig. 1. Fe3O4 was synthesized by co–precipitation of the ferric and ferrous sulphate 
salts before coating with oleic acid surfactant. The OA@Fe3O4 were then included as 
pre–polymerization reagent for the synthesis of the magnetic polymers. 
Pressurized hot water extraction was chosen as a method for 2,4–DNT elution 
from the magnetic MIPs because it is environmentally friendly (27). Fresh solvent 
was used for each washing, collected in 15 mL vials and analyzed with HPLC–UV. 
The 2,4–DNT in the first washing was lower than in the second (graph not presented) 
as the solvent was still wetting and penetrating the pores of the polymer powder. To 
increase the elution amount per cycle, the amount of the organic modifier (acetic 
acid) was increased from 1% to 10%. 16 cycles were enough to get a complete 
template removal and a general exponential decay curve was observed. 
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Figure 1. Proposed schematic diagram for the synthesis of magnetic MIPs with 2,4–
DNT as a template. 
Fourier transform infrared spectroscopy  
It can be seen that the Fourier transform infrared (FTIR) spectra of the three polymers 
are highly similar as a result of the presence of the high ratio of the cross–linking 
monomer. No drastic differences were observed between the eluted MIPs and washed 
NIPs, which show that there was no template in the former which could be detected. 
The elution of the MIP using hot water extraction system with 1%, and later 10% 
acetic acid at 25ºC was therefore effective. However, according to the FTIR spectra, 
one distinct difference is glaring between the uneluted and eluted MIP and the 
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highlighted areas show these peaks of interest (Fig. 2). The bands around 1600 cm
-1
 
was observed in the unleached MIP, while it was absent in the spectrum of the 
leached MIP. This band was assigned to –NO2 functional group on the aromatic ring 
of 2,4–DNT. Almost similar results were obtained by Ebrahimzadeh et al. (28) who 
obtained the –NO2 band at 1531 cm
-1
. The absence of the –NO2 band in the leached 
MIPs confirmed successful elution of 2,4–DNT from the polymer matrix. The intense 
singlet at about 1725 cm
-1
 indicated the stretching vibrations of the carboxyl groups 
C=O presented in functional monomer (MAA) and cross–linker (EGDMA) for the 
three polymers. 
 
Figure 2. FTIR spectra of (a) uneluted magnetic MIP (b) eluted magnetic MIP and 
(c) washed magnetic NIP. 
Scanning electron microscopy and size distribution 
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The morphology of the synthesized polymers was characterized using scanning 
electron microscopy (SEM) imaging analysis and the micrographs of the particles are 
shown in Fig. S1. There was a dramatical change of surface morphology as a result of 
elution of the template. The uneluted magnetic MIPs were generally smoother than 
the eluted magnetic MIPs. The cavities in the magnetic MIPs were caused by of the 
template molecule which was eluted from the polymeric matrix. This proved that 
elution of the imprinted polymer particle was successful. In order to facilitate the 
transfer of NACs such as 2,4–DNT, the magnetic MIPs should have a porous 
structure. The size distribution of the synthesized MIPs was determined by use of a 
zeta meter and a narrow size distribution was found (Fig. S1c) with an average 
diameter of about 48 µm. This was within the size range of the sieves used to select 
the magnetic MIP particles (25 to 50 µm).  
Thermogravimetric analysis  
Thermogravimetric analysis (TGA) plots with identical characteristics were obtained 
for the magnetic polymers (Fig. 3) as they all had a great percentage of EGDMA 
cross–linker for structural rigidity and were all synthesized in N,N–
dimethylformamide porogen. The stability of the polymer followed the order: 
Uneluted magnetic MIP > washed magnetic NIP > eluted magnetic MIP. The eluted 
magnetic MIP was least stable because it had a porous surface, and hence their 
structures were easily decomposed. The residual weight difference between the eluted 
magnetic MIP and NIP was confirmed to be due to the presence of 2,4–DNT template 
and the embedded nano–magnetic Fe3O4 particles by comparing the two TGA 
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profiles. A TGA conducted on the corresponding magnetic NIP showed a lower 
residual weight, a feature consistent with the successful removal of 2,4–DNT 
template.  
 
Figure 3. TGA spectra of magnetic polymers. 
Adsorption properties of NACs by MIPs 
Influence of pH on the binding of NACs 
Surface charge of the adsorbent and its degree of ionization was significantly 
influenced by pH which in turn affected the sorption of NACs unto the magnetic 
polymers from aqueous solutions (Fig. 4a). Since magnetic MIPs have specific sites 
for 2,4–DNT compounds, they bind more explosives than magnetic NIPs which have 
no specific binding sites. However, it should be noted that, because of the presence of 
water in the aqueous samples, selectivity of magnetic MIPs was reduced during 
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binding. In both NIPs and MIPs, 2,4–DNT has the highest extraction efficiency as 
compared to other explosives (NB and 2–NT). At high pH values, the carboxyl 
groups of MAA are deprotonated and are able to uptake the NACs which by 
inductive effect, the –NO2 group withdraws electrons from the benzene ring thereby 
making it partially positive. The positive ring then interacted with the negatively 
charged MIP sorbent at pH values > pHPZC (7.3). The higher the number of the nitro 
groups the higher the partial positive charge on the benzene ring (29). pH 8 was 
found to be the optimum and was used in subsequent experiments. The order of 
sorption of the NACs was: 2,4–DNT > 2–NT > NB which coincidentally followed the 
π–acceptor strength order. This order was consistent with the findings of Chen and 
Chen (30) and Zhu and Pignatello (31) who exhaustively investigated the π–acceptor 
strengths of nitro based sorbates. On the other hand, at pH < pHPZC (7.3), the 
carboxylic acid functional groups existing in the selective cavities of the imprinted 
polymeric were protonated. They were therefore capable of repelling the NACs and 
this resulted in low extraction efficiencies.  
Influence of polymer amount  
The results on the influence of polymer amount on the binding for both magnetic 
polymers are shown in Fig. 4b. Magnetic MIPs which have specific binding sites for 
the template molecule bound more explosives than the magnetic NIPs. 2,4–DNT 
which was the template molecule had the highest extraction efficiency in the 
magnetic MIPs. Based on the results (Fig. 4b), an increase in the adsorption with the 
increase of adsorbent dosage from 0.015–0.1 g was attributed to greater surface area 
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and the availability of more adsorption sites generated during elution. 100 mg was 
chosen as the optimal mass and was used for further experiments.  
Influence of contact time and kinetic modelling 
The results of the influence of contact time on binding of the NACs are shown in Fig. 
4c. 2,4–DNT which was used as a template molecule showed the highest extraction 
efficiency in the MIPs as compared to NB and 2–NT. The optimal contact time the 
MIPs was found to be 15 min. The results again showed that the MIPs which have 
specific binding sites for the template molecule binds more explosives than the NIPs 
which has non–specific binding sites. However, the superiority of MIPs over NIPs 
with respect to the uptake of NACs was small because the solvent used in the binding 
experiments had water. Since water is a polar solvent, it makes binding of molecules 
on the MIPs surface non–selective, implying the selectivity of the MIPs was slightly 
reduced.  
Based on the R
2 
values, it can be seen from Table S1 that the pseudo–second–
order fitted the kinetic data better than the pseudo–first–order. The R2 for the pseudo–
second–order were all high (> 0.993). Further, the pseudo–first–order was dismissed 
on the basis of qe, cal values for NB, 2,4–DNT and 2–NT being lower than qe, exp which 
were 0.142 mg g
-1
, 0.11 mg g
-1 
and 0.222 mg g
-1
, respectively. There was no much 
deviation of qe, cal from qe, exp for all the three NACs in the pseudo–second–order case. 
The implication of the pseudo–second–order fitting the data better was that a 
chemisorption type of mechanism was followed. This was most likely to be through 
the H–bonding of the –NO2 group with the H atoms of the functional monomers in 
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the cavities of the imprinted polymer or alternatively, ionic bonding of the de–
activated benzene ring with the heteroatoms of the functional monomers. 
Influence of initial concentration and adsorption modelling 
From Fig. 4d, it can be observed that the sorption of NACs was dependent on its 
initial concentration. The initial concentration of NACs provided a driving force that 
overcame mass transfer resistance between the bulk solution and the magnetic 
imprinted polymer. In the range of the investigated initial concentration (0.1–2 mg L
-
1
), qe increased sharply from 0.008 mg g
-1
 to  0.23 mg g
-1
, 0.02 mg g
-1
 to 0.39 and 
0.01 mg g
-1
 to 0.29 mg g
-1
 for the MIPs for NB, 2,4–DNT and 2–NT, respectively. In 
all the three NACs, an increase in the initial concentration resulted in an increase in 
the driving force which led to an increased uptake rate. 
Linear plots of the Langmuir and Freundlich adsorption models were used to test 
their applicability to fit the adsorption data. A summary of the theoretical parameters 
of adsorption isotherms along with regression coefficients are listed in Table S2. 
Langmuir isotherm parameter fits for NACs adsorption on magnetic imprinted 
polymers yielded isotherms that were in good agreement with observed behaviour 
with all R
2
 > 0.99. Since all RL values fell in the range of 0–1, the sorption of 
nitroaromatics compounds onto magnetic polymers was concluded to be favourable. 
Nearly all the Freundlich constants (n) were < 1 indicating the unsuitability of this 
model. More so, the correlation coefficients for this model were lower than those of 
the Langmuir implying its unsuitability.  
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The performance of the magnetic MIP for the uptake of NACs was compared 
with a variety of other materials reported recently in the literature for pre–
concentration and determination of NACs. The optimum pH and adsorption 
capacities of these materials are summarized in Table 2. 
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Figure 4. (a) Effect of initial sample pH (b) mass (c) contact time and (d) initial 
concentration on the extraction of NACs by magnetic polymers.  
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Table 2. Comparison of the uptake of NACs from aqueous solutions using different 
materials. 
Sorbent Target explosive 
compound 
Optimum 
pH 
Adsorption 
capacity (mg g
-1
) 
Reference 
PEI/SiO2 2,4,6–
trinitrotoluene 
6 14.5 (32) 
PAM/SiO2 2,4,6–
trinitrotoluene 
12 0.87 (33) 
Mesoporous 
molecular sieves 
(MCM-41) 
nitrobenzene 1 0.46
¥
 (34) 
Maize stem nitrobenzene pH > 7 10.4 (34) 
Rice stem nitrobenzene pH > 7 1.31  (35) 
Anthracite nitrobenzene pH 
independent 
0.58 (36) 
Anthracite 1,3–
dinitrobenzene 
pH 
independent 
0.67 (36) 
MIP 2–nitrotoulene 8–10 0.16 Present study 
MIP nitrobenzene 8–10 0.14 Present study 
MIP 2,4–
dinitrotoulene 
8–10 0.22 Present study 
¥
Converted from µmol g
-1
 to mg g
-1
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Real sample analysis 
In literature, the concentration of some NACs has been reported to be in the ppt 
orders Liang et al. (2011). In this work, limits of detection and quantification of 7–28 
µg L
-1 
and 25–90 µg L-1, respectively, were obtained for the three investigated NACs. 
The results showed that only 2,4–DNT was detected in real water (364 µg L-1) 
whereas the other NACs were below the limits of detection.
 
The results presented in 
Fig. 5 and Table 3 shows that the method can be used in real wastewater samples as 
high recoveries (82%–90%) were obtained with low relative standard deviation (RSD 
< 12%). Since the recommended maximum allowable concentrations were set at 
0.0068 µg L
-1
 and 0.17 µg L
-1
 for 2,6–DNT and 2,4–DNT, respectively (13), the 
method was able to detect some of the NACs. 
The selectivity of the MIPs towards NACs was demonstrated by the cleanliness of 
the chromatograms in Fig. 5. Real wastewater samples are known to have interfering 
matrix. Application of MIPs is generally known to be selective of target analytes, in 
this case NACs. 
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Figure 5. Chromatograms of (a) unspiked wastewater sample (b) 50 µg L
-1
 spiked 
wastewater sample (b) 100 µg L
-1
 spiked wastewater sample and (b) 200 µg L
-1
 
spiked wastewater sample, all passed through SPE. Peak 1: NB, Peak 2: 2,4–DNT, 
Peak 3: 2–NT. 
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Table 3. Recovery of explosive compounds from real wastewater sample. 
Compound Spiked concentration 
(µg L
-1
) 
Recovery 
(%) 
RSD (%) 
NB – – – 
 50 84.9 3.7 
 100 80.5 2.4 
 200 82.6 11.9 
2,4–DNT – – – 
 50 89.9 3.1 
 100 87.2 1.4 
 200 87.2 9.9 
2–NT – – – 
 50 82.3 4.8 
 100 81.3 5.4 
 200 82.4 9.5 
 
Conclusions 
2,4–dinitrotoluene MIPs embedded with oleic acid (OA) functionalized magnetic 
Fe3O4 nano–particles were successfully synthesized through a bulk polymerization 
approach. Acetic acid solution was used as a leachant for the removal of 2,4–DNT 
template molecule using a pressurized hot water extraction unit. The synthesized 
polymers were characterized for physico–chemical characteristics using Fourier 
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), scanning 
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electron microscopy (SEM) and the zeta potential. Batch adsorption investigations, 
for the binding of NACs, were done at different levels of sample pH, amount of the 
polymer, contact time and concentration in order to find the optimum sorption 
conditions. Generally, the sorption order was: 2,4–DNT > 2–NT > NB. Fast NACs 
transfer was determined to be 15 min. Pseudo–second–order provided a good 
description from kinetic modelling while the Langmuir model was found to describe 
satisfactorily the adsorption isotherm of NACs. Recoveries for 2,4–DNT, NB and 2–
NT from spiked real water samples were 82.7%, 88.1% and 82.0%, respectively with 
%RSD  values ranging from 1.4%–11.9%. This implied that they can be potential 
sorbents in the extraction of NACs.  
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Supplementary section 
 
 
Figure S1. SEM micrograph of (a) uneluted magnetic MIPs (b) eluted magnetic 
MIPs and (c) size distribution of eluted magnetic MIPs. 
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Table S1. List of kinetic parameters and correlation coefficients for the adsorption 
of NACs onto magnetic imprinted polymers. 
Model Parameter 
NB 2,4–DNT 2–NT 
MIP NIP MIP NIP MIP NIP 
Pseudo–first–order 
qe, cal (mg g
-1
) 0.005 0.027 0.011 0.080 0.023 0.103 
k1 (min
-1
) 0.087 0.106 0.085 0.022 0.117 0.047 
R
2
 0.9197 0.9078 0.9955 0.6549 0.9469 0.7583 
Pseudo–second–order 
qe, cal (mg g
-1
) 0.142 0.117 0.222 0.212 0.16 0.142 
k2 (g mg
-1
 min
-1
) 36.9 21.9 27.2 400 22.4 14.9 
R
2
 0.9998 0.9988 0.9998 0.9973 0.994 0.9933 
 
Table S2. The Langmuir and Freundlich constants for adsorption of NACs on 
magnetic polymers. 
Model Parameter 
NB 2,4–DNT 2–NT 
MIP NIP MIP NIP MIP NIP 
Langmuir 
qe, cal (mg g
-1
) 0.39 0.12 3.29 0.33 0.41 5.44 
b (L mg
-1
) 0.21 0.62 0.06 0.33 0.24 0.02 
RL 0.82 0.62 0.94 0.75 0.80 0.98 
R
2
 0.998 0.993 0.999 0.992 0.994 0.997 
Freundlich 
kF (L mg
-1
) 0.09 0.07 0.20 0.16 0.13 0.11 
n 0.89 0.88 1.02 0.87 0.89 0.88 
R
2
 0.964 0.929 0.996 0.989 0.989 0.985 
  
 
 
 
Paper III 
 
This paper “Extraction of explosive compounds from aqueous solutions by solid 
phase extraction impregnated with β-cyclodextrin functionalized carbon 
nanofibers,” was submitted to Journal of Environmental Chemical Engineering. It 
investigates the synthesis, characterization of carbon nanofibers functionalized 
with β-cyclodextrin packed in solid pase extraction cartridges for the extraction of 
six nitroaromatic compounds and subsequent application to real wastewater 
samples.  
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Paper IV 
This paper “Application of molecularly imprinted polymers - membrane assisted 
solvent extraction combination for the extraction of polycyclic aromatic 
hydrocarbons from domestic wastewater,” is still in preparation. It investigates the 
extraction of PAHs extraction across a membrane into an acceptor organic phase 
where further preconcentration is achieved by molecularly imprinted polymers. 
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Application of molecularly imprinted polymers - membrane 
assisted solvent extraction combination for the extraction of 
polycyclic aromatic hydrocarbons from domestic wastewater 
Nikita Tawanda Tavengwa, Somandla Ncube, Ewa Cukrowska, Luke 
Chimuka* 
Molecular Sciences Institute, School of Chemistry, University of Witwatersrand, 
Private Bag 3, Johannesburg 2050, South Africa. *Corresponding author. Email: 
luke.chimuka@wits.ac.za 
ABSTRACT 
A novel and selective extraction for polycyclic aromatic hydrocarbons (PAHs) 
based on combination of membrane assisted solvent extraction (MASE) and 
molecularly imprinted polymer (MIP) was optimized. MIPs were prepared using 
benzo[k]fluoranthene as template. The extraction procedure involved diffusion of 
the analytes from the aqueous donor solution through a hydrophobic 
polypropylene membrane into the organic acceptor solution dispersed with MIP 
particles. The movement of PAHs across the membrane was driven by a 
concentration gradient. In the acceptor solution, the diffused PAHs were 
selectively bound on MIP particles. Thus, the technique combined extraction and 
clean-up in a single format. Important parameters such as type of organic solvent 
in the acceptor phase, type and amount of organic modifier in the aqueous sample, 
amount of MIP particles, extraction time, stirring rate and SPE elution solvent 
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type were investigated. The optimum parameters were found to be toluene as 
acceptor solution with 80 mg of MIP particles dispersed into it. 25% N,N-
dimethylformamide in aqueous sample as organic modifier was found optimum. 
An extraction time of 90 min at a stirring rate of 1000 rpm gave the optimum pre-
concentration of the PAHs. Low detection limits were obtained (0.16–90.2 mg L-
1
) and good linearities (R
2
 > 0.992) were obtained for all the seventeen PAHs. 
Keywords: Polycyclic aromatic hydrocarbons, molecularly imprinted polymers, 
membrane assisted solvent extraction, selectivity 
1. Introduction 
Polycyclic aromatic hydrocarbons (PAHs) are a group of xenobiotic chemicals 
representing a group of contaminants with high melting and boiling points, low 
vapour pressure, and very low water solubility. In most urban area setups, the 
main source of indoor PAHs has been attributed to emissions from traffic [1].  
Analytes of interest nearly always occur in the presence of other species. In 
analytical analysis, it is therefore important to do sample preparation and clean-up 
of the sample prior to analysis in order to remove these interferences [2]. A 
number of such techniques have been reported in literature for different target 
analytes such as solid phase extraction with selective or non-selective sorbents 
[3], solid phase micro-extraction [4] and membrane based extraction [5]. 
However, as more applications are being done in sample preparation using 
selective sorbents, in some cases, results have revealed that these selective 
sorbents may not always offer the desired selectivity, a common problem in the 
extraction of chemicals from plant materials, sludge and wastewater [3,5]. Plant 
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material, sludge and wastewater samples are composed of many interferring 
compounds present as both micro- and  macro-molecules and selective sorbents 
are ineffective in some cases [3,5]. 
Molecularly imprinted polymers (MIPs) are synthetic polymers with 
judiciously fabricated sites that can be used as selective sorbents. However, since 
the backbone polymer is non-specific, inteferring matrix compounds which are 
usually present in higher amounts compared to the target analytes, are adsorbed 
on the backbone. The MIP is usually washed with an appropriate solvent after 
sample extraction to remove some of the inteferring compounds. However, in 
some cases, it has been shown that it is difficult to wash out all of these interfering 
compounds without also losing the target compounds [3,5]. 
The new approach proposed in this study is becoming more common in dealing 
with complex samples and  prevents both the matrix and the target analyte from 
being extracted simultaneously in the first place [5–10]. This approach makes 
more sense where matrix components are prevented from adsorbing on the 
sorbent altogether. Surely it does not make sense to pre-concentrate the matrix 
components, already in high concentration and then try to make a 
cleanup afterwards.  
Our proposed novel extraction technique has been optimized for the extraction 
of PAHs in wastewater samples is based on this new approach. Our research 
group has been one of the pioneers in membrane combination with molecularly 
imprinted materials [5-7] but here is taken to a new level.  
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2. Materials and methods 
2.1. Chemicals and materials 
A 2000 mg L
-1
 PAHs mixture was obtained from Supelco (Bellefonte, PA, 
USA): Acenaphthene (99.9%), Acenaphthylene (99.9%), Anthracene (99.9%), 2-
bromonaphthalene (99.9%). Benzo(a)anthracene (99.9%), Benzo(a)pyrene 
(99.9%), Benzo(b)fluoranthene (99.9%), Benzo(g,h,i)perylene (99.9%), 
Benzo(k)fluoranthene (99.9%), chrysene (99.9%), Dibenzo(a,h)anthracene 
(99.9%), Fluoranthrene (99.9%), Fluorene (99.9%), Indeno(1,2,3-cd)pyrene 
(99.9%), Phenanthrene (99.9%), Pyrene (99.9%), Naphthalene (99.9%). 
Acetonitrile, N,N-dimethylformamide, methanol, dichloromethane, heptane, 
hexane, toluene and cyclohexane were purchased from Sigma-Aldrich 
(Darmstadt, Germany). Empty 3 mL cartridges with 10 µm frits were from 
Sorbent AB (Frölunda, Sweden). Membrane bags and their accessories were 
supplied by Gerstel (Mülheim, Germany). Stirring of the solutions was done on a 
WiseStir MS MP8 stirrer. 
2.2. Stock solution and standard solutions 
A working stock solution of 20 mg L
-1
 of 17 PAH mixture was prepared in 
methanol from a 2000 µg mL-1 stock solution in methylene chloride. From this, an 
external calibration was made with standard solutions of 0.5–4 mg L-1. 
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2.3. Synthesis of molecularly imprinted polymers  
50 mg (0.198 mmol) benzo[k]fluoranthene was added to 15 mL of N,N–
dimethylformamide (DMF) in a 50 mL round bottomed flask and heated to 40ºC. 
35 μL (0.411 mmol) of methacrylic acid, 3.15 mL (16.7 mmol) of ethylene glycol 
methacrylate were then added to the flask and purged with nitrogen gas for 5 min. 
After purging, 50 mg of 4,4'–azobis (4–cyanovaleric acid) was added to the 
solution and was heated at 80ºC for 35 min. Once polymerization finished, the 
product was removed and dried overnight at 25ºC. The resultant bulk polymer was 
then ground and sieved through a 150 mm mesh and collected on a 100 mm mesh. 
The template was then removed from the polymer using a Wisecube shaker in 
hexane and the eluent was analyzed for benzo[k]fluoranthene. The elution was 
repeated and only stopped when the template detection was zero. NIPs were 
prepared using the same procedure used for MIPs, except that the template 
molecule, benzo[k]fluoranthene, was excluded. 
2.4. MASE-MIP extraction procedure 
The membrane assisted solvent extraction–molecularly imprinted polymer 
(MASE–MIP) system was set up as follows: The membrane extraction cell 
consisted of a 20 mL headspace vial filled with 15 mL of spiked donor phase 
solution. The membrane bag was attached to a metal funnel and fixed with a 
PTFE ring. A dense polypropylene membrane bag with MIP particles and 1 mL 
organic solvent was placed inside the extraction cell containing the donor solution 
and stirred for preset times. After extraction, the acceptor content (MIP and the 
acceptor solvent) was transferred into a 3 mL empty solid phase extraction (SPE) 
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cartridge with a 10 µm frit at the bottom and mounted onto solid phase extraction 
unit. The acceptor solvent was separated from MIP particles by opening the SPE 
valve slowly and allowing it to flow out by gravity at about 1 mL min
-1
. A full 
vacuum was then applied for 5 min to dry off the MIP particles completely. The 
trapped PAHs were then eluted with 3 × 1000 µL fractions of methanol before 
analyzed directly by HPLC–UV.  
2.5. HPLC analysis of PAHs 
The HPLC system was used for the separation and quantification of PAHs. An 
injection volume of 20 µL and a VUV variable wavelength UV–VIS detector set 
to 254 nm for detection of PAHs. Clarity software was used for acquiring of the 
data. A supelcosil
TM
 LC–PAH column (25 cm × 46 mm, 5 µm) from Supelco 
(Darmstadt, Germany) was used. The mobile phase was composed of acetonitrile 
and water pumped with a flow rate of 1 mL min
-1 
at different composition with the 
aid of a Dionex P580 pump. The gradient elution program started at 50/50, V/V 
acetonitrile/water held for 1.5 min then ramped up to 70% acetonitrile for 0.5 min. 
this was further increased to 90% acetonitrile in 10 min and held at this 
composition for 8 min. the composition was then adjusted to 50/50, V/V 
acetonitrile/water held for 1.5 min. 
2.6. Sample collection and preparation 
The influent and effluent wastewater samples were collected from 
Goudkoppies treatment plant (GPS). This plant is the biggest in South Africa and 
it receives untreated domestic and industrial sewage from the city of 
Chapter 4                                                                                                      Paper IV                                                                       
 
102 
 
Johannesburg. The treated effluent is discharged into the river where some 
nutrients cause eutrophication. The collected samples were fully homogenized, 
stored in amber glass bottles, and cooled at 4ºC until the laboratory analysis was 
performed. 
Immediately prior to extraction, some wastewater samples were spiked with 
the mixture of standard solution of 17 PAHs at a concentration of 100 μg L-1. The 
samples were extracted and subjected to a MIP–MASE extraction and cleanup 
process described above. Spiked and non-spiked samples were systematically 
compared.  
2.7. Extraction efficiency and enrichment factors 
Quantification of the PAHs was in other instances expressed from peak areas to 
either extraction efficiency or enrichment factors. The enrichment factor (EF) is 
defined as the ratio between the concentrations in the acceptor phase after 
extraction to the initial concentration of the analyte in the donor phase. EF is 
related to the extraction efficiency (E) defined as the ratio of analyte extracted to 
the total analyte. 
   
  
  
  
    
    
   
  
  
                                                                                                  
where CA, VA and nA are the analyte concentration, volume and analyte amount in 
the acceptor solution after extraction. CD, VD and nD denote the analyte 
concentration, volume and amount of analyte in the donor solution before 
extraction.  
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2.8. Method validation 
The concentrations of the calibration standard solutions were 0.5 mg L
-1
, 1.0 mg 
L
-1
, 2 mg L
-1
, 3 mg L
-1
 and 4 mg L
-1
. An example of a 4 mg L
-1 
chromatogram 
used for the plotting of the calibration curve is shown in Fig. 1. The peaks were 
identified by the retention times. All seventeen PAHs exhibited good linearity 
(Table 1) with correlation coefficients (R
2
) > 0.992. For recovery calculation, a 
1.0 mg L
-1
 standard solution was also passed through the SPE. The limits of 
detection (LODs) and limits of quantification (LOQs) were calculated using the 
background noise level estimated from the peak-to-peak baseline near the analyte 
peaks.  
 
Fig. 1. Chromatogram of a 4 mg L
-1
 standard PAH solution. 1. Nap, 2. Acy, 3. 2-
Bnap, 4. Ace, 5. Fln, 6. Phe, 7. Ant, 8. Flu, 9. Pyr, 10. B[a]A, 11. Chr, 12. B[b]F, 
13. B[k]F, 14. B[a]P, 15. D[ah]A, 16. B[ghi]P, 17. I[123-cd]P. 
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Table 1  
Validation parameters for HPLC determination of eighteen PAH compounds 
PAH tR (min) Equation R
2
 LOD (mg L
-1
) LOQ (mg L
-1
) 
Nap 7.9 y = 44.657x + 4.3698 R
2 
= 0.9988 3.14 7.08 
Acy 8.6 y = 28.912x + 0.4312 R
2
 = 0.9969 90.2 415.1 
2-Bnap 9.6 y = 20.701x + 6.2514 R
2 
= 0.9957 -  - 
Ace 9.8 y = 154.28x + 15373 R
2
 = 0.9921 2.14 4.07 
Fln 10.1 y = 30.008 + 3.0523 R
2
 = 0.9964 4.65 15.9 
Phe 10.7 263.05x + 17.215 R
2
 = 0.9996 1.10 3.41 
Ant 11.7 y = 320.78x + 94.318 R
2
 = 0.995 0.23 2.29 
Flu 12.7 y = 99.751x + 8.3336 R
2
 = 0.9976 2.26 8.44 
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Pyr 13.7 y = 137.85x + 15.446 R
2
 = 0.9997 1.81 6.30 
B[a]A 16.5 y = 230.82x + 11.478 R
2 
= 0.9981 0.62 3.75 
Chr 17.4 y = 426.27x + 25.398 R
2
 = 0.9993 0.84 2.03 
B[b]F 20.3 y = 200.64x + 33.186 R
2 
= 0.9986 0.43 3.54 
B[k]F 22.9 y = 104.49x + 41.518 R
2 
= 0.9992 0.58 3.40 
B[a]P 23.9 y = 217.93x + 35.567 R
2 
= 0.9977 1.57 5.80 
D[ah]A 26.2 y = 89.917x + 0.4459 R
2
 = 1.0000 0.84 3.43 
B[ghi]P 29.0 y = 110.31x + 16.048 R
2 
= 0.9994 0.16 3.23 
I[123-cd]P 30.9 y = 178.53x + 77.446 R
2 
= 0.9958 - - 
           Note: LOD Limits of detection, LOQ Limits of quantification 
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3. Results and discussion 
3.1. Elution of benzo[k]fluoranthene 
Benzo[k]fluoranthene elution from the polymers was monitored as outlined in 
the method section. An exponential decay curve was obtained (Fig. 1). It can be 
seen that there was a tremendous decrease of benzo[k]fluoranthene after 19 h, 
were the template content was almost zero. Template elution is critical in 
imprinted polymer preparation as incomplete removal will always lead to bleeding 
of the template during the use of the prepared material. Similar trends as that seen 
in Fig. 2 were observed by other researchers using various templates [11,12]. 
 
Fig. 2. Elution of benzo[k]fluoranthene from the imprinted polymer over time. 
3.2. Characterization of the molecularly imprinted polymers 
BET surface area is normally solved graphically by plotting 1/[Q(p/po) – 1] 
versus p/po. The BET specific surface areas of the polymeric adsorbents were 
calculated from the isothermal adsorption of nitrogen within the partial pressure 
range of 5% to 35% (p/po). The monomolecular volume (vm) and the BET 
constant (c) were calculated from the BET equations and the results are 
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summarized in Table 2. The BET surface area characterization study was carried 
out to know the effect of imprinting on the polymer surface area, pore volume and 
pore width. The leached MIP exhibited more surface area (386.6 m
2
 g
-1
) when 
compared to NIP (360.6 m
2
 g
-1
) and the unleached MIP (332.5.6 m
2
 g
-1
) (Table 1). 
BET surface area result indicated an enhancement in surface area for MIP due to 
imprinting. 
Table 2 The BET surface area for the synthesized polymers. 
 Polymer Surface area (m
2
 g
-1
) Pore volume (cm³ g
-1
) vm c 
MIP 
unleached  
332.5  0.74  75.6 661 
MIP leached 386.6  0.61 86.0 388 
NIP leached 360.6 0.55 81.2 616 
MIPs and NIPs were prepared via bulk polymerization using a non-covalent 
approach. Scanning electron microscopy (SEM) was used to determine the surface 
morphology and the size of the synthesized particles. The micrography of the 
control polymer (NIP) in Fig. 3 shows a smooth surface with large particles 
compared to the molecular imprinted polymer which had a rough surface. The 
roughness was due to the fact that the MIP was washed in order to remove the 
template and NIP had no template to be removed [13]. The shapes of the particles 
obtained after preparation of polymers by bulk polymerization (after grinding) are 
all irregular [14].  Sikiti et al. [15] observed that MIP had a rough surface 
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compared to NIP and this was due to the presence of cavities during the synthesis 
process. The average size of the MIP particles was found to be 110 mm (The 
particles were sieved between 100–150 mm mesh). 
 
 
Fig. 3. SEM micrographs of (a) eluted MIP (b) uneluted MIP (c) eluted NIP and 
(d) uneluted NIP. 
For the FTIR analysis, it was shown that the bands at 1724 cm
-1 
featured 
prominently for the unleached MIP as well as the washed NIP. However, for the 
leached MIP, this band shifted to 1730 cm
-1
. This band was probably due the 
carboxylate group (-COO
-
).  Another band which occurred in all tree spectra is 
that at 1665 cm
-1 
which is as a result of the double bonds. As a result of the 
leaching action, this band was diminished greatly in the washed polymer as 
compared to the unleached MIP. The CH- stretching frequency band is shown at 
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2935 cm
-1
 while the –OH is shown around 3430 cm-1. The spectrum of the 
leached NIP was cleaner both in the fingerprint and the functional group regions 
as compared to the unleached NIP. This was attributed to the elution of the 
imprint from the polymer.  
 
Fig.3. FTIR spectra of the four polymer material. 
The swelling behaviour of the imprinted polymers was investigated in six 
solvents. This was achieved by immersion of 1.2 g of the in 12 mL of distilled 
water at 25ºC for 12 h. The sorbent weight increase allowed the calculation of the 
swelling percentage using Eq. (2) where Ws and Wd are the weights of the swollen 
and dry sorbent samples (in g), respectively. The results are presented in Fig. 4. 
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Fig. 4. Swelling behaviour of the imprinted polymer in different solvents. 
3.3. Selection of extraction solvent 
The solubility of the analytes in organic solvent is a major variable since the 
relation of solubilities of the analytes between the acceptor and the donor phases 
determines the efficiency of the extraction at the equilibrium [16]. Selection of the 
proper acceptor phase is an important exercise, so six solvents were investigated 
in this work; n-hexane, methanol, heptane, cyclohexane, dichloromethane and 
toluene. This was carried out as follows: 0.5 mg L
-1
 of a mixture of 18 PAHs was 
made by diluting the 20 mg L
-1
 using 15% methanol in water as a diluent to top up 
to the mark. This solution (15 mL) was used as a donor phase. A wide range of 
solvents were used as acceptor phases (1 mL) in plastic bags loaded with 50 mg of 
the MIP sorbent. Pre-concentration of the PAHs was done at a preset time of 60 
min using the WiseStir MS MP8 at 420 rpm. PAHs are non-polar with mostly 
hydrophobic interactions through pi bonds being involved. This may explain why 
best performing solvents, with pi bonds and linear in geometry, gave slightly 
better extractions (Fig. 5). A water miscible solvent, such as methanol, was not 
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suitable, because it diffused through the membrane into the aqueous phase. 
Further, polar solvents were avoided since the target analytes PAHs are non-polar. 
Toulene was the best acceptor phase for the pre-concentration of PAHs. Large 
PAHs were not detected in this analysis as they have a dissolution problem in 
aqueous phase. This was despite addition of an organic modifier (15% methanol). 
March et al. [16] had an observation that for higher viscosities, the transference of 
the organic solvent to the acceptor phase can be avoided, but the diffusion of the 
analytes is slower, and consequently so is the kinetics of the extraction. They 
found higher extraction efficiencies for decane than for 1-octanol. However, all 
their extraction efficiencies were very low (5.8-16.1%). For similar target analytes 
Rodil et al. [17] found toluene and n-hexane to perform poorly in terms of the 
enrichment factors for the target analytes, particularly for the compounds with 
high log Kow values. Hollender et al. [18] obtained a combination of 1:1 toulene: 
acetone as the best for the extraction of PAHs from soil samples.  
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Fig. 5. Effect of different acceptor solvents in the uptake of PAHs (Experimental 
conditions: concentration of PAHs = 0.5 mg L
-1
, donor phase = 15 mL of 15% 
methanol, acceptor phases = 1 mL with 50 mg of the MIP sorbent, pre-
concentration time = 60 min and stirring rate = 420 rpm).  
3.4. Addition of the organic modifier 
The addition of miscible organic solvents to aqueous samples has been 
reported to minimize adsorption of organic analytes on the walls of glass flasks 
[19]. Fig. 6 shows the results obtained when various organic modifiers were used. 
It is evident that DMF gave the maximum PAHs extraction. March et al. [14] 
investigated the presence of ethanol increased the extraction efficiency and found 
5% to give the optimum uptake. They related the amount of ethanol for maximum 
extraction seems to be related to the analyte polarity. Addition of an organic 
modifier is very important especially for heavier PAHs that have poor solubility in 
water. With an organic modifier, they are forced to be in solution and thus get 
extracted into the membrane bag. 
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Fig. 6. Effect of change of the organic modifier in the donor phase aqueous 
solution (Experimental conditions: concentration of PAHs = 0.5 mg L
-1
, donor 
phase = 15 mL of 15% organic modifier, acceptor phases = 1 mL toluene with 50 
mg of the MIP sorbent, pre-concentration time = 60 min and stirring rate = 420 
rpm).  
3.5. Organic modifier content 
In this study, the influence on the extraction efficiency was studied in the range of 
5–50% (v/v) of DMF (Fig. 7(a) and (b)). The extraction behavior of the eighteen 
PAHs followed two trends. Effect of the amount of the organic modifier had a 
maximum uptake with 15% DMF for light and medium weight PAHs. However, 
the heavier PAHs were extracted more with a 25% DMF organic modifier. This 
was because of their increased dissolution at high organic modifier content. As the 
amount of DMF was increased in the donor solution, so was the dissolution of the 
PAHs. This was illustrated in Fig. 7(b) where 5% DMF solution was opaque but 
became clearer at 50% content. PAHs have remained one of the most difficult 
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compounds to analyze. According to Li et al. [20], one well-known reason is that 
they tend to adsorb on the walls of containers. At low DMF content, there was no 
imprinting phenomenon as the target template; benzo[k]fluoranthene was 
unavailable in solution due to its low dissolution. Thus a 25% DMF was taken as 
the optimum. 
 
 
Fig. 7. (a) Effect of variation of the DMF organic phase content in the extraction 
of PAHs (Experimental conditions: concentration of PAHs = 0.5 mg L
-1
, donor 
phase = 15 mL of DMF, acceptor phases = 1 mL toluene with 50 mg of the MIP 
sorbent, pre-concentration time = 60 min and stirring rate = 420 rpm) (b) Clarity 
of the multi–PAH mixture as the percentage of DMF is varied).  
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3.6. Effect of the weight of MIP  
From Fig. 8, it was observed that an increase in the amount of the MIP sorbent 
increased the extraction efficiency of the PAHs. This was the case for all eighteen 
analytes investigated. The sorbent mass was only investigated up to 80 mg as the 
capacity of the MASE membrane bag would have been exceeded especially when 
factoring the swell capacity which was observed to be 200% for toluene which 
was used as the receiver phase. 80 mg was taken as the optimum. 
 
Fig. 8. Effect of the amount of MIP in the acceptor phase (Experimental 
conditions: concentration of PAHs = 0.5 mg L
-1
, donor phase = 15 mL of 25% 
DMF, acceptor phases = 1 mL toluene with a MIP sorbent, pre-concentration time 
= 60 min and stirring rate = 420 rpm).  
3.7. Effect on the extraction time 
The effect of sorption time is illustrated in Fig. 9. For the time investigated, 
there was an almost linear dependency of the extraction of PAHs with time. This 
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can be explained by the fact that longer exposure time of the receiver system 
(MASE–MIP) to the donor sequestrated the PAHs. Inversely, shorter exposure 
time yielded low recoveries. Thus 90 min seemed optimum as longer extraction 
time than this was seen as not practical unless under many simultaneous 
extractions. 
 
Fig. 9. Effect of the sorption time of PAHs (Experimental conditions: 
concentration of PAHs = 0.5 mg L
-1
, donor phase = 15 mL of 25% DMF, acceptor 
phases = 1 mL toluene with 80 mg of the MIP sorbent, stirring rate = 420 rpm).  
3.8. Effect of the stirring rate 
Fig. 10 shows the results obtained when the stirring rate was varied while 
keeping other parameters constant. There was a great variation in recovery as the 
stirring speed was increased from 420 to 1000 rpm. Stirring aids the movement of 
the PAH analytes from the donor to the MIPs in the toluene receiver phase across 
the membrane. The increase was more pronounced with medium non–polar to 
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more non–polar PAHs. This was expected since these have high dissolution into 
the membrane bag and transport is limited by diffusion to the membrane surface. 
Thus a stirring speed of 1000 rpm was taken as optimum. 
 
Fig. 10. Effect of stirring rate on the uptake of PAHs (Experimental conditions: 
concentration of PAHs = 0.5 mg L
-1
, donor phase = 15 mL of 25% DMF, acceptor 
phases = 1 mL toluene with 80 mg of the MIP sorbent and pre-concentration time 
= 60 min). 
3.9. Influence of SPE elution solvent 
The type of SPE elution solvent is very important to make sure that minimal 
solvent is used to avoid dilution, but at the same time able to elute the target 
analytes in one goal. Elution with methanol was found to be much superior 
compared to other solvents (Fig. 11). Toluene, which was found to be superior 
during binding onto MIP particles, was less effective during the elution step. This 
also shows the imprinting effect on the prepared polymers. More polar solvents 
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are recommended during elution as they help to break the analyte–monomer 
interactions. The order of preference of SPE solvent extraction was: methanol > 
heptane > chloroform   toulene. In a similar study, Oluseyi et al. [21] also found 
methanol to be the best SPE extraction solvent. The same authors explained the 
low recoveries of low molecular weight PAHs as due to their loss as they are 
more volatile. In this work a stream of N2 gas was blown to the PAHs solution to 
near dryness for solvent exchange. It was a good thing that methanol was found to 
be the optimum as there was no need for reconstitution of the solvent as the 
solvent is compatible with the instrument, HPLC. 
 
Fig. 11. Influence of elution solvent (Experimental conditions: concentration of 
PAHs = 0.5 mg L
-1
, donor phase = 15 mL water with 25% DMF, acceptor phases 
= 1 mL toluene with 80 mg of the MIP sorbent, extraction time = 90 min and 
stirring rate = 1000 rpm).  
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3.10. Reproducibility of the MASE–MIPs combination  
The extraction of eighteen PAHs spiked at 50 µg L
-1
 level was done in 
triplicate. Figure 12 shows the reproducibility of the method. The results generally 
indicated good reproducibility except two compounds.  In most cases it is one 
such experiment that can result either higher or lower than other two experiments. 
This indicated random error and is common with any analytical technique. Thus 
the MASE–MIP combination has demonstrated good consistency in giving the 
amount extracted each time despite double extraction occurring in a single step. 
 
Fig. 12. Reproducibility of the MASE-MIP combination after extraction of water 
sample spiked with 50 mg L
-1
 of PAHs mixture at optimized conditions. 
4. Conclusions 
The MASE-MIP combination for selective extraction of PAHs in aqueous 
samples solution was succesfully been optimized. Heavy molecular weight PAHs 
were most of the times not recovered due to their poor solubilities in aqueous 
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samples. As such, 25% (v/v) N,N-dimethylformamide in aqueous was found 
optimum as it improved the solubilities of heavy molecular weight PAHs. The 
extraction efficiency of PAHs was optimum with 80 mg of MIP particles 
dispersed in 1 mL toluene solution. Maximum recovery was found after 90 min of 
extraction time at a stirring rate of 1000 rpm. The method can be applied for the 
determination of trace analysis of PAHs as low detection limits were obtained 
(0.16–90.2 mg L-1). 
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Paper V 
This paper “Miniaturized pipette tip–based electrospun polycrylonitrile nanofibers for 
micro–solid–phase extraction of nitro based explosive compounds,” investigates the 
extraction of four nitroaromatic compounds from acqueous solutions using a small 
amount of electrospun polycrylonitrile nanofiber loaded in the pipette tips. The 
manuscript has been submitted to Journal of Separation Science. 
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Abstract In this study, a self–assembly of miniaturized pipette tip–based solid 
phase extraction for the simultaneous extraction of nitroaromatic compounds was 
developed, with electrospun polyacrylonitrile nanofibers used as sorbents. The 
electrospun polyacrylonitrile nanofibers were characterized by scanning electron 
microscopy, Fourier transform infrared analysis and surface area analysis. Good 
linearities for the four nitroaromatic compounds (2,6–dinitrotoluene, 2–
nitrotoluene, 3–nitrotoluene, and 4–nitrotoluene) were obtained in a range of 250–
1000 µg L
-1
 with coefficients of determination R
2
 > 0.99. The limits of detection 
of these analytes were between 21 µg L
-1 
and 38 µg L
-1
. The results showed that 
pipette tip–based solid phase extraction was effective in extracting nitrotoluenes 
in the pH regime of environmental interest (  6). The investigation also revealed 
that the optimum mass of electrospun polyacrylonitrile nanofibers sorbent was 15 
mg and 20 aspirating/dispensing cycles gave the maximum recovery of 
nitrotoluenes with 200 µL acetonitrile as the best eluting solvent. Moreover, the 
performance of the present method was studied for the extraction and 
determination of nitroaromatic compounds in real environmental water samples 
and good recoveries ranging from 70% to 115% were found. The respective 
relative standard deviations of < 12% were obtained. 
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1 Introduction 
Nitrocompounds, especially nitroaromatic compounds encountered in drugs, dyes 
and explosives, represent a group of hazardous contaminants which can be 
discharged into the environment during production, processing, destruction and 
recycling [1] thereby polluting water bodies. Decontamination of polluted water is 
considered as one of the most challenging problems facing the world. Owing to 
the severe toxicity and doubtful carcinogenicity of 2,4,6–trinitrotoluene (TNT), 
2,4–dinitrotoluene (2,4–DNT) and 2,4–dinitrotoluene (2,6–DNT), nitroaromatic 
compounds should be removed from wastewater to acceptable levels before their 
disposal into the environment which has proven to be a challenge. As a result, the 
US Environmental Protection Agency (US EPA) has set a limit of 2 μg L-1 for 
TNT, and 0.05 μg L-1 for 2,4–DNT and 2,6–DNT in drinking water [2,3]. 
The sensitivity and selectivity of most of the current analytical and separation 
methods are usually insufficient for direct determination of the target compounds 
at low concentration levels in complex matrix samples, implying that a sample 
pre–treatment step prior to analysis is usually necessary [4]. Several methods have 
been used for the extraction of nitrotoluenes from aqueous solutions and these 
include dispersive liquid–liquid micro–extraction (DLLME) [5], solid–phase 
micro–extraction (SPME) [6], solvent extraction (SE) [7], combination of 
molecular–imprinted polymer extraction with dispersive liquid–liquid micro–
extraction (MIP–DLLME) [8] and single drop micro–extraction (SDME) [9]. 
In the area of water treatment, nanotechnology offers the possibility of an 
efficient extraction of pollutants that may cause health problems. Recently, 
various engineering fields have been paying a great deal of attention to these 
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nano–scale materials due to their small physical sizes which offer much improved 
and even new functions that cannot be achieved by bulk materials. Electrospun 
nanofibers are one of the many nano–sized materials that have attracted a lot of 
attention and application. The electrospinning technique involves application of a 
high voltage between a nozzle of a pasteur pipette, where the sample exits the 
capillary, and a collector where electrospun nanofibers are accumulated and 
collected. An electrically charged jet of polymer or composite solution is formed 
between the two charged sites and migrates towards the collector. The solvent is 
lost through evaporation before reaching the grounded collector which is the 
reason why the humidity should be contolled during the electrospinning process. 
An electrospinning technique conveniently allows the preparation of non–woven 
fibrous materials with interesting characteristics such as small diameters ranging 
from submicron to several nanometers, having an advantage of offering large 
surface area per unit mass, high porosity, high gas permeability and small 
interfibrous pore size. The use of electrospun nanofibers with high specific 
surface area allows for a reduction in sorbent mass in sorption studies [10]. Many 
materials have been used as candidates for electrospinning e.g., naturally 
abundant chitosan [11], amidoxime–modified polyacrylonitrile [12], a solution of 
polyamide containing polyethylene glycol [13] and molecularly imprinted sol–gel 
nanomembrane with nylon 6 backbone [14]. 
Sorbents are normally loaded in cartridges such as in solid phase extraction. 
However, in cases where small amounts of sorbents are available, pipette tip solid 
phase extraction (PT–SPE) can be used. This method is a miniaturized form of 
SPE and has become an essential tool for purification and concentration of 
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proteins and peptides in the study of genomics, proteomics and metabolomics. In 
this method, the pipette tip with a small outlet diameter requires tiny amount of 
sorbent to be used and the PT–SPE setup has low solution consumption. By using 
this approach, a large number of reusable SPE tips can be prepared 
simultaneously [15]. However, no previous applications of PT–SPE for 
nitrotoluenes analysis have been reported thus far. In this work, electrospun PAN 
nanofibers were used as sorbents because of the easiness to electrospin, and were 
loaded in pipette tips. The PAN PT–SPE was then evaluated for its pre–
concentration efficiency in the extraction of four nitrotoluenes; 2,6–dinitrotoluene 
(2,6–DNT), 2–nitrotoluene (2–NT), 3–nitrotoluene (3–NT) and 4–nitrotoluene (4–
NT) from solutions. The PAN PT–SPE method was then applied to real 
wastewater samples to determine the recovery of nitroaromatic compounds. 
2 Materials and methods 
2.1 Reagents  
Four explosive compounds: 2,6–dnitrotoluene (2,6–DNT), 2–nitrotoluene (2–NT), 
3–nitrotoluene (3–NT) and 4–nitrotoluene (4–NT) were bought from Sigma–
Aldrich (Johannesburg, South Africa). Polyacrylonitrile (PAN), HCl and NaOH 
were also purchased from Sigma–Aldrich (Johannesburg, South Africa). N,N–
dimethylformamide (DMF), acetonitrile (ACN), tetrahydrofuran (THF) and 
methanol (MeOH) were bought from Fluka (Steinheim, Germany). All chemicals 
were used as received without further purification. Ultrapure water (Milli–Q, MA, 
USA) was used in all experiments. All pH measurements were performed on a 
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766 Calimatic pH meter equipped with a Shott N61 pH electrode from Knick 
(Berlin, Germany).  
2.2 Preparation of stock and real solutions 
Four stock solutions (100 mg L
-1
) of 2,6–DNT, 2–NT, 3–NT and 4–NT were 
prepared by dissolving an appropriate amount of the explosive compound and 
made up to the mark with a 50% (v/v) acetonitrile/water solution. A 10 mg L
-1 
working solution mixture was then prepared from the stock solutions and the same 
diluent was used to top up to the mark. A series of calibration standard solutions 
(250–1000 µg L-1) were then prepared by appropriate dilutions of the working 
stock solution. The working stock solution was stored in a refrigerator at 4°C 
when not in use and standard solutions were prepared whenever required. 
Environmental water samples were first filtered through a 0.45 µm filter paper 
and 5% acetonitrile (v/v) was added for complete dissolution of the explosive 
compounds. 
2.3 Instruments 
A Bischoff HPLC with a UV detector set at 254 nm with an Ascentis@RP–amide 
column (25 cm x 4.6 mm x 5 µm) was used to separate and quantify the four 
explosive compounds. The mobile phase composition was methanol/water (50/50, 
v/v) with the flow rate maintained at 1 mL min
-1
 in an isocratic mode, and the 
sample injection volume of 50 µL was used. 
For morphological studies of the electrospun nanofibers, a FEI Nova Nanolab 
600 FIB/SEM scanning electron microscopy (SEM) was used at 5 kV. Fourier 
transform infrared spectroscopy (FTIR) studies, for functional group analysis, 
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were performed by using a Tensor 27 Bruker FTIR spectrometer (Ettlingen, 
Germany).  
2.4 Surface area analysis 
For surface area analysis, a modified method by Alzaydien [16] was used, where 
50 mg of electrospun PAN nanofibers were treated with 15 mL of methylene blue 
of concentration 10 mg L
-1 
for 60 min after standard solutions were prepared and 
measured at kmax = 664 nm. The surface area of the electrospun PAN nanofibers 
was calculated using Eq. (1). 
    
               
  
   
                                                                                                   
where As is the surface area of electrospun PAN nanofibers in m
2
 g
-1
, G the mass 
of adsorbed methylene blue (g), NAV the Avogadro‟s number (6.02 x 10
23
 moles), 
Ø the methylene blue molecular cross section (197.2 A
2
), MW the molecular 
weight of methylene blue (373.9 g mol
-1
) and m is the mass of the electrospun 
PAN nanofibers (g). 
2.5 Preparation of polyacrylonitrile nanofibers 
A 10% (w/v) PAN–DMF solution was prepared by dissolving 2 g of PAN powder 
in 18.98 mL of N,N–dimethylformamide. To ensure that all PAN was dissolved 
so as to get an electrospinnable homogenous solution, stirring was carried out 
overnight. The setup of the electrospinning process consisted of a syringe needle, 
a high voltage power supply that was capable of generating voltages of up to 50 
kV and an aluminum foil for collecting the nanofibers. The PAN solution was 
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placed in a glass pasteur pipette whose diameter was 0.5 mm inclined at 45º to 
minimize dripping of the PAN solution. The distance from the tip of the pasteur 
pipette and the aluminum foil collector was fixed at 25 cm. A copper wire 
electrode was inserted into the pasteur pipette until it was 5 cm from the tip of the 
pipette. The voltage was then set at 20 kV to start the electrospinning process. To 
ensure that all the solvent evaporated thereby preventing the nanofibers from 
being re–dissolved, a heater was used to maintain the temperature between 30ºC 
and 35ºC. 
2.6 Miniaturized pipette tip preparation 
A modified method by Lee et al. [17] was used. Polypropylene pipette tips were 
washed with 1 mL of water and 1 mL of acetonitrile, and then dried in an oven at 
30ºC for 24 hours. A total mass of ≈ 3 mg of the electrospun PAN nanofibers was 
loaded into a 1000 µL pipette tip which was pre–loaded with a fixed mass of 3 mg 
of glass wool. The pipette tips loaded with electrospun PAN nanofibers were then 
washed with 200 μL of distilled water twice and pre–conditioning of the sorbent 
was carried out by aspirating and dispensing 200 μL of 50% (v/v) 
water/acetonitrile solution three times. A 200 µL aliquot of the solution with four 
explosive compounds was aspirated onto the conditioned electrospun PAN 
nanofibers and dispensed back into the same sample tube. This 
aspiration/dispensing cycle was repeated five times to allow the nitro explosive 
compounds to be adsorbed onto the electrospun PAN nanofibers. For the real 
environmental sample analysis, two aspirating/dispensing using 200 µL 
methanol/water (1/9, v/v) were carried out to remove the co–adsorbed matrix 
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materials. The trapped explosive compounds were then eluted with acetonitrile in 
one aspirating/dispensing cycle before analyzing the eluate with HPLC–UV. 
2.7 Optimization of the extraction conditions 
The effects of different parameters capable of influencing the recovery of the four 
nitroaromatic compounds from spiked standard solutions were investigated using 
electrospun PAN PT–SPE. The effect of sample pH (adjusted using 0.5 M HCl 
and 0.5 M NaOH), mass of electrospun PAN nanofibers, choice of eluent, and the 
number of aspirating/dispensing cycles, loading volume and elution volume were 
investigated and optimized. All experiments were done in triplicate and the 
recovery (%) was calculated according to Eq. (2).  
              
        
  
                                                                                                
where nO (moles) is the number of moles in the original solution and nE (moles) is 
the number of moles pre–concentrated onto electrospun PAN nanofibers. 
3 Results and discussion 
3.1 Characterization of electrospun polyacrylonitrile fibers 
Fourier transform infrared (FTIR) (Fig. 1) was used to determine the important 
functional groups in neat electrospun PAN nanofibers and that loaded with four 
explosive compounds. The peaks at 2243 cm
-1
 and 1452 cm
-1
 were due to the 
stretching vibration of nitrile groups (–CN–) and the bending vibration of 
methylene (–CH2–), respectively. This was in consistency with the findings of 
other researchers [18]. In other work, the characteristic band of nitrile was 
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exhibited at 2260 cm
−1
 [12]. The broad band at 3370 cm
-1
 was due to the hydroxyl 
groups from water in which the explosive compounds were spiked. Its presence 
indicated that the electrospun PAN nanofibers were not completely dry before the 
FTIR analysis. For the loaded electrospun PAN nanofibers, the small peak at 1539 
cm
-1
 was due to the asymmetric stretching frequency of the –NO2 groups of the 
nitroaromatic compounds. Walsh and Hamilton [19] had almost similar findings 
for the –NO2 stretching frequency. The presence of the characteristic –NO2 
asymmetric stretch at 1542 cm
-1 
was also observed by Turner et al. [20]. 
 
Figure 1. FTIR spectra of (a) neat electrospun PAN nanofibers and (b) 
electrospun PAN nanofibers loaded with four explosive compounds. 
The scanning electron microscopy (SEM) micrographs of the electrospun 
PAN nanofibers with beads are shown in Fig. 2. When the beads effect was not 
taken into account, the size of the electrospun PAN nanofibers had a narrow 
diameter range. The uniformity of the electrospun PAN nanofiber was probably 
(a)
(b)
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due to the fact that the polymer was forced through the same fixed diameter of an 
orifice during electrospinning. The average diameter of the electrospun PAN 
nanofibers was found to be 670 nm. The phenomenon of beading has been 
reported by other researchers [21]. As exhibited  in  the  SEM  image,  a  large  
surface  area  provided  by  the specific  agglomerate  structure  suggested  an  
enormous  adsorption capacity. According to the methylene blue sorption studies, 
the surface area of the electrospun PAN nanofibers was 8.95 m
2
 g
-1
. According to 
earlier research by Possi–Pezzali et al. [22], the extraction efficiency was found to 
decrease as the diameter of the fibers increased, probably due to the reduction in 
surface area. Their optimum value was 1.3 µm. The average diameter of the 
electrospun PAN nanofibers in this research was well below this and it was 
assumed that the extraction efficiency was even better. However, as the value 
becomes smaller, the extraction time becomes longer because the sorbent tends to 
agglomerate and lump together. 
 
Figure 2. SEM micrographs of the electrospun PAN nanofibers at (a) low 
magnification (x 2500) and (b) high magnification (x 50000). 
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3.2 Effect of pH  
The recovery of nitroaromatic compounds as a function of pH from the spiked 
solutions is demonstrated in Fig. 3(a). The experiment was performed by 
changing the pH (2–12) of the 1000 µL spiked (1000 µ L-1) 50% (v/v) 
water/acetonitrile, mass of electrospun PAN = 3 mg, conditioning solution = 400 
µL
 
50% (v/v) water/acetonitrile, elution solution = 200 µL acetonitrile. Different 
trends that were difficult to generalize were observed for 2,6–DNT, 2–NT, 3–NT 
and 4–NT. However, a pH of 6 was considered to be the optimum and was used in 
subsequent experiments. Specifically for 2–NT, there was no much difference in 
the recovered amount as the pH was varied. This finding was in agreement with 
the results of Chen and Chen [23] who investigated the binding of nitroaromatic 
compounds onto graphene oxide or reduced graphene oxide and found that the 
adsorbed amount was unchanged at all pH values. Similarly, Chen et al. [24] ruled 
out H–bonding mechanisms in the adsorption of 2,4–DNT onto carbon nanofibers 
because the value of the logKd remained constant when the pH changed. As for 
2,6–DNT, 3–NT and 4–NT, there was a slight variation of the amount adsorbed as 
the pH was varied, and still a pH of 6 was considered as a compromise. The order 
of the loading capacity of the nitroaromatic compounds was 2,6–DNT   3–NT > 
2–NT > 4–NT. Electrostatic attraction was proposed to be the interaction 
mechanism since 2,6–DNT with two electron witdrawing –NO2 groups was the 
highest adsorbed analyte. The positively charged benzene rings of the 
nitroaromatic compounds interact with the negatively charged surface (due to lone 
electrons on the nitrogens) of the electrospun PAN nanofibers. The extent of 
adsorption was higher in the vicinity of neutral pH as also observed by Boddu et 
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al. [25] who investigated the sorption of 2,4–dinitroanisole on surface modified 
granular activated carbon. A similar finding was obtained by Zhou et al. [26] who 
used a SiO2 aerogel/activated carbon composite to adsorb TNT explosive.  
3.3 Effect of mass of electrospun polyacrylonitrile nanofibers 
In order to investigate the effect of sorbent mass on the recovery of nitroaromatic 
compounds, 5 mg, 10 mg and 15 mg of electrospun PAN nanofibers were packed 
in pipette tips, and the results are presented in Fig. 3(b). The experimental 
conditions were as follows: Initial concentration of nitroaromatic compounds = 
1000 µg L
-1
, sample pH = 6, conditioning solution = 400 µL
 
50% (v/v) 
water/acetonitrile, loading volume = 1000 µL, elution solution = 200 µL 
acetonitrile. It was found that the extraction efficiency increased with increasing 
fiber mass of the packing quantity. Thus, a mass of 15 mg of the nanofibers was 
selected for extraction of nitroaromatic compounds. On 15 mg electrospun PAN 
nanofibers, 0.060, 0.050, 0.072 and 0.066 µg were loaded for 2,6–DNT, 2–NT, 3–
NT and 4–NT, respectively. It is readily understood that the number of available 
adsorption sites increases with the increase of the adsorbent dosage, consequently 
leading to an increase in the amount of adsorbed nitroaromatic compounds. In 
addition, the number of the nitro substituent groups on the benzene ring has a 
bearing on the recovery of the nitroaromatic compounds [27]. Among the four 
nitroaromatic compounds studied, 2,6–DNT had more –NO2 groups than the 
others, so its acceptor strength would be stronger and consequentially, it was 
retained on the electrospun PAN nanofibers more than the other three 
nitroaromatic compounds.  
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3.4 Aspirating/dispensing cycles  
The number of aspirating/dispensing cycles is a critical parameter for loading and 
subsequently recovery of the nitroaromatic compounds in PT–SPE. Figure 3(c) 
shows the recovery of nitroaromatic compounds when 1 to 30 
aspirating/dispensing cycles (at the loading stage) were investigated. This 
experiment was perfomed under the following experimental conditions: Initial 
concentration of nitroaromatic compounds = 1000 µg L
-1
, mass of electrospun 
PAN = 15 mg, sample pH = 6, conditioning solution = 400 µL
 
50% (v/v) 
water/acetonitrile, loading volume = 1000 µL, elution solution = 200 µL 
acetonitrile. The extraction of all nitroaromatic compounds were maximally 
recovered after twenty aspirating/dispensing cycles of the sample, and this value 
was taken as the optimum for use in subsequent experiments. Coincidentally, the 
same optimum number of cycles was obtained by Hasegawa et al. [28] though 
they were enriching dextromethorphan onto C18–bonded monolithic silica gel. In 
this work, there was seen a reduction of the extraction of nitroaromatic 
compounds as > 20 aspirating/dispensing cycles were perfomed. This was 
probably due to the elution of the analytes during the dispensing actions which 
was undesirable on the loading stage. 
3.5 Effect of elution solvent  
The elution solvent also has an important effect on the extraction efficiency, and 
must ensure that all the nitroaromatic compounds are eluted from the pipette tip 
and available for the subsequent analysis. Four polar elution solvents which were 
compatible with the HPLC mobile phase were investigated; MeOH, ACN, THF 
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and DMF, and the results are presented in Fig. 3(d).  The investigation was carried 
out under the following experimental conditions: Initial concentration of 
nitroaromatic compounds = 1000 µg L
-1
, sample pH = 6, mass of electrospun 
PAN = 15 mg, conditioning solution = 400 µL
 
50% (v/v) water/acetonitrile, 
loading volume = 1000 µL, elution solution = 200 µL acetonitrile. It was clear 
that ACN gave the highest recovery of the nitroaromatic compounds, and was 
used as the elution solvent in subsequent experiments. This was in agreement with 
the findings from our previous study Tavengwa et al. [29] where ACN was found 
to be the best elution solvent ahead of DMF, MeOH and dimethylsulphoxide 
(DMSO).  
3.6 Effect of loading volume 
Figure 3(e) shows the dependency of on the recovery of nitrotoluenes on the 
loading volume (Experimental conditions: Initial concentration of nitroaromatic 
compounds = 1000 µg L
-1
, sample pH = 6, mass of electrospun PAN = 15 mg, 
conditioning solution = 400 µL
 
50% (v/v) water/acetonitrile). The sample volume 
should be sufficient for target analytes to be determined at low levels saving time. 
The chromatographic peak areas of the analytes increased remarkably with the 
increase of sample volume from 200 µL to 1000 µL. Accordingly, 1000 µL of 
water samples was selected for the following experiments because it showed 
better recovery which was also the case with Andrade et al. [30]. 
3.7 Effect of elution volume 
The dependency of the elution volume on the extraction efficiency of 
nitroaromatic compound was investigated (Fig. 3(f)). The experimental conditions 
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were: Initial concentration of nitroaromatic compounds = 1000 µg L
-1
, sample pH 
= 6, mass of electrospun PAN = 15 mg, conditioning solution = 400 µL
 
50% (v/v) 
water/acetonitrile, elution solution = acetonitrile. The amount of the nitroaromatic 
compounds enriched of the PAN PT–SPE was found to increase from 100 µL to 
200 µL then decrease as the eluent volume was increased from 200 µL to 500 µL. 
This trend and observation was also found by Smith et al. [31] who used a semi–
automated microcolumn SPE system for the extraction of six nitroaromatic 
compounds. Large volumes of the eluate solvent generally leads to low 
concentration of nitroaromatic compounds, and this resulted in high limits of 
detection. Hence, 200 µL of acetonitrile was used to obtain low limits of 
detection. The adsorption capacities of 2,6–DNT, 2–NT, 3–NT and 4–NT on  
electrospun PAN nanofibers were 0.017 µg mg
-1
, 0.012 µg mg
-1
, 0.015 µg mg
-1
 
and 0.013 µg mg
-1
, respectively. 
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Figure 3. (a) Effect of pH (b) mass of electrospun PAN (c) number of 
aspirating/dispensing cycles (d) elution solvent (e) loading volume and (f) elution 
volume (n = 3, RSD). 
3.8 Method validation  
The analytical characteristics of the PT–SPE method were evaluated with respect 
to linearity, repeatability, and detection limits under the optimum conditions. 
Table 1 summarizes some calibration and chromatographic constants. Regression 
equations for 2,6–DNT, 4–NT, 3–NT and 2–NT exhibited good linearity (R2 = 
0.99) which indicated good relationship between the peak area (y) and the 
nitroaromatic compounds concentration (x, µg L
-1
). The linear dynamic range 
(LDR) of the investigated nitroaromatic compounds was 250–1000 µg L-1. Low 
limits of detection (LOD) of 21 µg L
-1 
to 38 µg L
-1 
were determined based on S/N 
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= 3, and limits of quantification (LOQ) were found to be between 250 µg L
-1 
and 
210 µg L
-1
, based on S/N = 10. 
To ascertain the perfomance of the developed PAN PT–SPE method for the 
extraction of nitrotoluenes from water samples, it was compared to other selected 
conventional analytical techniques common in literature (Table 2). As 
demonstrated in Table 2, the proposed method demonstrated to be simple and had 
a wide linearity dynamic range (LDR), low sensitivity, and an acceptable 
reproducibility with an important emphasis on the extraction time which seems to 
be quite short. Other advantages of the developed method are that it has low 
solvent consumption, low cost, no evaporation step, the tools are very accessible, 
and short extraction times are required. A large number of reusable SPE tips can 
also be used at one goal in PT–SPE format [15]. 
Table 1 Validation parameters for HPLC determination of four nitroaromatic 
compounds 
 
tR (min) Equation R
2
 LOD (µg L
-1
) LOQ (µg L
-1
) 
2,6–DNT 19.98 y = 0.0813x + 3.8571 0.9989 21.4 70.6 
2–NT 20.67 y = 0.0818x + 0.06968 0.9965 63.7 210 
4–NT 22.21 y = 0.0645x + 5.5536 0.9926 25.2 83.5 
3–NT 24.08 y = 0.1029x – 0.7162 0.9909 37.6 124 
LOD: Limits of detection, LOQ: Limits of quantification, direct injection 
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Table 2. Comparison of different analytical methods applied for the determination of nitroaromatic compounds in water samples. 
Analytical technique Target analyte LOD  LDR (µg L
-1
) RSD (%) Reference 
SPME–GC–MS 2,6–DNT 4.5 ng L-1 75 ng L-1 – 7.5 μg L-1 3.7 [6] 
*Microcolumn–SPE–HPLC p–NT 1100 ng L-1 – 0.63 [31] 
MIP–Fluorescent 2,4–DNT  0.5–1.0 mg L-1 – – [32] 
DLLE–GC–FID ϗMNT 0.5 μg L-1 1–400 (µg L-1) 8.0–9.4 [33] 
DLLME– GC–FID 2,4–DNT 0.5 μg L-1 1–400 (µg L-1) 3.9# [34] 
Electrospun PAN–PT–SPE–
HPLC–UV 
4–NT 25.2 μg L-1 250–1000 μg L-1 6.6 Present 
work 
–: not reported 
LDR: linear dynamic range 
*seawater analysis
 
ϗ
MNT: mononitrotoluene (o–: ortho, m–: meta and p–: para) 
#
well water
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3.9 Real sample analysis 
In order to investigate the applicability and reliability of the proposed method in 
the presence of the matrix effect, wastewater spiked with 100 µg L
-1
, 150 µg L
-1
 
and 200 µg L
-1
 of the four explosive compounds was enriched on the electrospun 
PAN nanofibers at optimized conditions. Figure 4 shows the chromatograms of 
(a) unspiked real water, (b) 200 µg L
-1
 spiked real water and (c) 250 µg L
-1
 
standard solution with the corresponding retention times shown. Recoveries of 
2,6–DNT, 4–NT, 3–NT and 2–NT from a real wastewater samples using the 
present method are presented in Table 3. These recoveries were between 70% and 
115% and were considered satisfactory as they demonstrated little effect of the 
matrix. The respective relative  standard  deviations  (RSD) were <  6.3%,  
indicated  that  the  method  was  reliable  and  could  be  used  for  the 
determination  of  nitroaromatic compounds  in  real environmental  wastewater  
samples. 
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Figure 4. Chromatograms of (a) unspiked real water (b) 200 µg L
-1
 spiked real 
water and (c) 250 µg L
-1
 standard solution. Peak 1: 2,6–DNT, peak 2: 2–NT, peak 
3: 4–NT and peak 4: 3–NT. Experimental conditions: Sample pH = 6, mass of 
electrospun PAN = 15 mg, conditioning solution = 400 µL
 
50% (v/v) 
water/acetonitrile, loading volume = 4000 µL, elution solution = 200 µL 
acetonitrile. 
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Table 3. Recovery of explosive compounds from real wastewater sample. 
Compound Spiked concentration 
(µg L
-1
) 
Recovery 
(%) 
RSD (%) 
NB – – – 
 50 84.9 3.7 
 100 80.5 2.4 
 200 82.6 11.9 
2,4–DNT – – – 
 50 89.9 3.1 
 100 87.2 1.4 
 200 87.2 9.9 
2–NT – – – 
 50 82.3 4.8 
 100 81.3 5.4 
 200 82.4 9.5 
 
4 Conclusions 
The study demonstrated that the electrospun PAN nanofibers impregnated in the 
pipette tip were effective for simultaneous extraction of nitroaromatic compounds 
from aqueous solutions. In this PAN PT–SPE method, a small mass of the sorbent 
and solvents (washing, conditioning, loading and elution) were used. The pH had 
different effects on the adsorption of nitroaromatic compounds. The investigation 
revealed that the optimum mass of electrospun PAN sorbent was 15 mg and 20 
aspirating/dispensing cycles gave the maximum recovery of nitrotoluenes with 
acetonitrile as the best eluting solvent. Low LODs of nitroaromatic compounds 
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were achieved, and it was confirmed that the method could be used for the 
determination of trace level nitroaromatic compounds in real wastewater samples 
as satisfactory relative recoveries of different nitroaromatic compounds from real 
wastewater samples were obtained.  
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Chapter 5 
5 General conclusions and future work 
In this section, conclusions based on experimental findings are discussed. The 
work carried out in this research and a discussion of the achieved objectives is 
also presented. The recommended future work is also presented in this section. 
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5.1 Conclusions 
In this work, natural abundant agricultural waste Moringa oleifera seed powder 
was used as a possible sorbent for the reomoval of nitrobenzene (paper I). 
Biocharing of this sorbent into activated carbon had an effect of reduction in the 
nitrobenzene uptake performance. This indicated that chemisorption was the pre-
dominant form of interaction. Since this material is cheap and abundant, it can be 
an alternative to commercial activated carbons. 
The selectivity of the molecular imprinted polymer was demonstrated in paper II 
and paper IV. 2,4-dinitrotoluene was used as an imprint in paper I and this 
analyte was selectively extracted when the sorbent was applied to an aqueous 
solution having two other closely related analogues (2-nitrotoluene and 
nitrobenzene). In all investigated optimization parameters, the imprinting effect 
was evident as the control polmers extracted the nitroaromatic compounds less as 
compared to the imprinted one. In paper IV, a novel combination of the 
molecular imprinted polymer dispersed in toluene held in a membrane extraction 
assisted solvent extraction bags was applied succesfully for the extraction of of 
polycyclic aromatic hydrocarbons from domestic wastewater.  
Another material with vast potential in use as a sorbent is carbon nanofiber 
(paper III). This material is a waste in power stations but can find good use in 
water purification with the aim of reducing costs. Furthermore, it can be 
functionalized with srfactants like β-cyclodextrin which increased the sorption 
capacity of nitroaromatic compounds. The extraction efficiency of the β-
cyclodextrin functionalized carbon nanofiber was superior as compared to the raw 
sorbent. This was possible since the β-cyclodextrin has a reserviuor of hydroxyl 
groups on it. Furthermore, the cyclic nature of β-cyclodextrin can make it possible 
for the formation of inclusion complexes. 
Application of electrospun polyacrylonitrile was successfully applied for the 
extraction of four explosive compounds. The PAN fibers were loads in pipette tips 
in miniaturized pipette tip solid phase extraction (paper V). 
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5.2 Future work 
To try other combinations of techniques/sorbents other than the MIP-MASE 
combination investigated in paper IV and see the effect in sample matrix 
concentration minimization. Comparison of the chromatograms of the MASE 
alone, MIP alone and that of the MIP MASE combination to be given to 
investigate selectivity. Quantification of PAHs in real environmental samples is to 
be done 
Apart from Moringa oleifera seed powder investigated in paper I, use can be 
made of other cheap (at times free) and readily available agricultural and agro-
waste materials as sorbents for remediation of different organic pollutants. These 
materials can be used as raw in a ground form or they can either be chemically or 
physically modified. 
Fly ash, which is another ubandant waste material from power generating stations 
should be full utilized as a raw sorbent or converted into nano-fibers like in paper 
III for the extraction of contaminants in aquatic environments. Further, some 
functionalization agents can be added to make the sortion more specific. 
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Paper VI 
This paper “Equilibrium and kinetic studies on the adsorption of humic acid unto 
cellulose and activated carbon sorbents,” was published in Desalination and 
Water Treatment. It investigated the sorption of humic acid unto a natural and 
synthetic sorbents: cellulose and activated carbon, respectively. Full concentration 
and time dependent models were studied. 
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Paper VII 
This paper “QuEChERS method development for bio-monitoring of low 
molecular weight polycyclic aromatic hydrocarbons in South African carp fish 
using HPLC-fluorescence: An initial assessment,” was published in South African 
Journal of Chemistry. It investigated the optimum parameters that were applied 
for the QuEChERS method in the extraction of low molecular weight PAHs from 
carp fish. 
 
 
Appendix                                                                                                     Paper VII 
189 
 
Appendix                                                                                                     Paper VII 
190 
 
 
 
Appendix                                                                                                     Paper VII 
191 
 
 
Appendix                                                                                                     Paper VII 
192 
 
 
Appendix                                                                                                     Paper VII 
193 
 
 
Appendix                                                                                                     Paper VII 
194 
 
 
Appendix                                                                                                     Paper VII 
195 
 
  
 
